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ABSTRACT
MASTICATORY PROPERTIES OF FOODS BY WE STRAIN
GAGE DENTURE TENDEROMETER
by
AARON L. BRODY
Submitted to the Derartment of Food Technology on 7 January,
1957 in tartia1 fu1 i1lment of the requirements for the
degree 0 Ph.Do
An instrument simulating the human masticatory apparatu~
the Strain Gage Denture Tenderometer was investigated in
order to determine its capabilities of measuring masticatory
properties of foods. The instrument's operations were
studied to establish the optimum operating conditions.
Various modifications were made to improve the instrument's
operation.
The unit's output was converted into force as a
function of denture spacing resulting in a force-penetration
figure. Instrumental techniques were developed in order
to correlate quantitative measurements taken from the force-
penetration figure to the subjective interpretation of
masticatory properties. A new open panel profile type
panel was developed to define, evaluate, and score these
properties which had been previously described by intangible
terms. Results from this panel were correlated to force-
penetration measurements.
During the development of these techniques, the mast~ca~ry
properties of various foods were investigated by the Denture
Tenderometer. The instrument was validated for these foods
by correlation with conventional organoleptic techniques and
standard industry instruments. Among the foods studied were
peas, whose physical properties correlated to the standard
Canco Tenderometer, the Strain Gage Pea Tenderometer whose
basis is the Denture Tenderometer, and subjective panels;
frozen shrimp; baked goods; conrectionery products; cheeses;
apples; canned peas and corn; and ice cream.
The Denture Tenderometer was used to investigate
storage changes, ef~ects or processing conditions, efrectsor ingredients and formulations, the effects of COOking,
and the effects of basic product on final product masticatory
properties.
In performing all of these tasks, the instrument has
shown outstanding versatility which can be equalled or
surpassed at the present time only by the human masticatory
apparatus.
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INTRODUCTION
MASTICATORY PROPERTIES OF FOODS:
Man's concern for the food on which his existence
depends dates back to antiquity. In times and areas
whe~e quantities were insufficient to supply his needs,
the concern was more towards increasing his supplies.
In bountiful eras and places, the interest centered
about increasing both quali ty as well as quan tity. The
quality of man's food directly affects its suitability tor
eating as well as its desirability. Man early learned
that all other factors being constant, the higher the
quality of the food the greater the benefit to him
from nutritional, aesthetic, and crop yield stand-
points.
Qual1 ty may be related to many factors, but ae
far as the individual eating the food is concerned in
general, qualit1 is primarily those sensations obtained
when the food is taken into the mouth. These sensations
include those arising in the nerve endings on the tongue,
the taste, often divided into four basic categories,
salt, sour, sweet, and bitter. The sensations arising
in the olfactory area seem infinite in number and
generally combine wi th the taste sensation to transmit
to the brain the major portion of the sensation known
as flavor. Further, there is a common sensibility to'
chemicalirritants, distinct from smell and taste.
i
(Moncrleff, 1944) These sensations include pungency or
the irritation of the oral and nasal surfaces and
lachrymatory or the irri tat ion of the eyes. Tn add1tiOD
to the seDsation of taste, the tongue also has the ability
to sense texture or the mouth feel ot a food product.
Nerve endings imbedded in the jaw muscles and gums
sense a series of tood propert~.s involved in the forces
required to break the food into pieces of sufficiently
small size for swallowing. These properties may be class-
ified generally as the masticatory o~ physical properties,
and are often referred to as texture or tenderness. The
te1:'m texture is al so us ad to'describe mouth teel and the
te~ tenderness 1s also used to describe a lack of firmness.
!n addition to their own Characteristics, masticatory
p~operties affect the taste discernment ot the salt,
sweet, sour, and bitter~notes. (Mackey and Valassi, 1956.)
Often wi thou t being conscious of it, an individual
will base a large part of his quality evaluation of a food
upon its masticatory properties. These properties
cansti tute significant percentages af the U. S. Departmen t
of Agriculture grade scores of many canned and frozen veg-
etables such as peas, corn, lima beans and asparagus.
(Martin, Lueck, and Sallee, 1938; Jenkins and Lee, ~940;
Salunkhe and Pollard, 1955; Kramer and Smith, 1946.)
They are also an index of maturi ty of these vegetable and
thus indic ate optimum flaVOl' developmen t and maximum crop
yield. The storage age of many food products such as
refrigerated fruita end vegetables and baked goods ia
indicated by changes in masticatory properties. The
formula tiona of baked goo ds and gels and gel-like
products are determined by theae properties. The changes
occurring in physical Characteristics as a result of
thermal processing, cooking, and freezing are of great
commercial significance.
It is therefore apparent that a food's masticatory
properties primarily affects its acceptability to tne
individual. From a commercial standpoint, cost of
product is affected in that yieldS, formulations, processing
condi tions, storage age and conditions, and quali ty are 811
fUnctions of masticatory properties and vice versa. ~e
importance of the measurement of these characteristics thus
becomes obvious •.
MEASUREMENT OF MASTICATORY PROPERTmS:
~ective Tests:
Man's measurement of masticatory properties also
dates back to antiqui ty. The first man undoubtedly
sampled a small portion of his food before consuming the
entire portion in order to determine its suitability for
eating. The origin of the popular thumb-nail test for
corn is lost to history. These primitive practices, with
tew refinements, have carried down to the present day.
Even today, suitability for harvest or eating i8 d.te~ined
r'.
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on the commercial level by subjective testing by an
expert or a panel, on the institutional level by the chef,
and in the home by the housewife. (Scott~Blair, 1939.)
The use of humans as measuring tools is subject to the
difference between individuals and to differences between
the same individual at various times. For example, an
individual t s smoking habits or emotional condition can
greatly affect his results.
The subjective evaluation tor masticatory properties
is most cODmonly carried out by experienced experts
who sample the product in the field and decide upon its
condition. (Martin, Lueck and Sallee, 1938.) The
obvious drawbacks of this me trod have been somewhat
ciroumvented by the use of expert panels under controlled
conditions. (Vickery,~1956; Lowe and Steward, 1947; Makower
et aI, 1953; Makower, 1950; Lee, Whitcomb, and Henning,
1954.) The use of the paired comparison method is now a
standard practice in meat testing (Cover, 1936; Sartorius
and Child, 1937.) Very large panels have been used on
occasion (Joslin, 1956.)
One excelleD t research study made use of a small
expert panel for an extended period to analyse the
masticatory properties of almonds (Sterling and Simone,
1954.) The object ot this work was to measure the crisp-
ness of the nut, but the difficulties in semantics as well
as the comp1exi ties of masticatory properties led to the
4
subjective appraisal of fragmentability {ability to break
into many small pieces), hardness (difficulty of
penetration of teeth), and cohesiveness (requiring deep
penetration of teeth before breaking apart), as well as
crispness (quality of fracturing under relatively slight
distortion.) Crispness was also considered as synon-
ymous with brittleness.
Chemical Tests:
The subjectivity ot organoleptic test led to the
search for objective methods soon after food production
became a major comnercial venture. Fundamental research
early revealed many of the changes 1n chemical ccnstltuents
o~ various foods with increasing maturity and age, as
well as wi th changes in mas ticatory properties. The
use of the total solids test was more popular in the past
than today. (Lee and DeFelice, 1942.) Since the crude
fiber con tent increases wi th ma turity in vegetables such
as asparagus, tests for crude fiber are used 1n both
research and quality control, (Jenkins and Lee, 1940;
JOSlyn,.l950). In addition to crude fiber, starch increases
as a func tion of time in vegetables such as peas and COIfl.
Accordingly, the alcohol insoluble solids test which
determines the cellulose, hemicellulose, and starch content
Is now the best and most widely used chemical test for
maturity (Joslyn, 1950; Lee, Whitcomb, and Henning, 1954.)
5
Tests for starch and/or sugar have also been used as stan-
dard chemical methods for vegetables. (Makower, 1950.)
Physical Tests:
The procedures for the various chemical tests for
maturity are relatively complex and generally require
a skilled technician to perform them. This difficulty
in conjunction with the time required have led to the
development of physical tests ~hich are simpler to perform
and give results almost tmmedlate1y.
Increases in starch and ftber content indicate
increases in density or specific gravity. The in-plant
separation of raw peas in brine by virtue of differences
in specific gravity is standard practice today. (Smith and
Kramer, 1946.) In the laboratory, the separation of'pea
cotyledons of'different maturities in brine by virtue
of differences in specific gravity is not uncommon. (Boggs
and Campbell, 1942.)
Since the maturation of vegetables such as peas,
corn, al d lima besns is ,featured by decreases in the amount
of solubles such as sugar, the measurement of these
materials by various physical means was indicated as
an index of maturity. The measurement of the refractive
index of press juice has been suggested as a possible
method.
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(Berth and Weckel, 1949.) However, the most practical
resu1 t or this observation has been that the water
con tent of the produc t decreases as the result of the
combination with the sugars to form starches and other
higher oarbohydra.te polymers. An instrument call ed the
Succulometer based on the measurement of the quantity
of extractable juices, has gained wide acceptance for
measuring the maturity of raw and canned whole kernel
com. It has a mechanism :for the application of a
thrust to a plunger and an excavated test block to hold
the sample which is placed wi thin the chamber. The
plunger is then inserted and a thrust of .500psi is
applied and maintained for three ~nutes. The volume
of liquid expressed through a drain hole is the measure
of maturity. (Kramer and Smith, 1946 a and b; Lynch
and Hi tche11, 1950.)
The increase in starch content of lima beans with
maturity suggested the use or microscopic examinations of
the hylum of the starch grain to determ:i.nematurity.
(Salunkhe and Pollard, 19.55.)
Mechanical Methods:
The pea has been the object of a large portion of the
attention of researchers in the field of objective physical
measurement ot maturity. The results of these investigations
have led to a wide variety ot instruments, generally based
on the same fundamental principle, the measurement of
resistance of the pea to a deforming force. These
instruments have often found applioations for products
other than peas.
The weight neoessary to orush or punoture'peas was the
first index used; the U. S. Department of Agriculture later
modified this test by measuring the weight to crush single
cotyledms. (Lynch and Mitchell, 1950.) Similar methods
have been used to measure maturity in the final processed
product. Values were obtained by determining the kilogram
load required to crush the cotyledons of cooked peas from
which the sk in had been removed to one-fourth of the!r
thickness. Values for the skin were obtained by
measur1ng the load required to penetrate three layers
of skins fran which cotyledons had been removed wi th a
one-eighth inch ball-bearing penetration point. The appara-
tus used was equipped wi th types of plungers so that
bo th measurements could be made slmultan eously. The
load was varied by applying shot to a pan. Fifty read-
ings per sample were considered significant. This method
has also been applied to measuring the maturl ty factor
in frozen peas. (Boggs and Campbell, 1942; Makower,
Boggs, Burr, and Oleo tt, 1953.)
The Chris tel Textureme tel' dete:rmin es the force
required to press several cylindrical rods simultaneously
into a definite volume of product confined to a metal
cup. (Hallman, 1940.)
s
The Shearometer is similar to the most widely used
instrument, the American Can Co. TEl1derometer. It is
made or a1umlnum with grid s cons Is ting of a series of
parallel knives. The lower grid is moved vertically
upward by air pressure, the value on a pressure gage
lleing the reading. (Lynch and Hitchell, 1950.)
The Australian developed Maturometer is a portable,
hand-operated, and relatively inexpensive apparatus
which has shown some recent promise. This ins trument
is essentially a puncttring device. A total of 143
peas are individually mounted by mechanical means and
are punctured by pins one-eighth inch in diameter and
three-fourths inch long spaced at regular Intervals.
The pins travel through the peas into countersunk
holes in the bases of the cups. The mechanism 1s
manually operated. The measurement of resistance to
penetration depends upon the upward motion
of the upper plate transmitted against the force
exerted downward by tour matChed helical springs.
Correlation tests have shown that 210-275 Maturometer
units are equivalent to 11-16% alcohol insoluble solids,
that range previously found to be most acceptable to
consumers. (Anonymous, 1954; Lynch and Mitchell, 1950;
Vickery, 1956.)
The American Can Co. (Canco) Temerometer has been
used for the past decade am. a half as the standard
physical testing device :for peas.
"Briefly, the Tenderometer determines the
relative tenderness of peas or other products
directly by measuring the force required
to shear them through a standard grid; the
shearing force being inversely proportional
to the tenderness 01.'the product being
determined. Its essential parts consist
of two grids between which the product is
sheared, motive power 1.'01'moving one grid
with respect to the other at a constant
rate, and a pendulum mechanism for measuring
the force involved in the shearing operation.
The machine 1s completely automatic in
operation even in cleaning itself and in
stopping after eaCh determination." (Martin, 1931.)
Initial evaluations of the Canco Tenderometer showed
that a sample of constant weight gives a'result di1.'ferent
from that of a sample of constant volume. The size of
the individual peas in a sample affects the results
since smaller peas give lower readings, but the final
results from a sample of mixed sizes is accurate be-
cause of a proportionality of the instrument's reading
to the percentages and individual values of the com-
ponent unit sizes making up the sample.
The Canco Tenderometer Shows a significant co~relatlon
of its reading on raw peas to the canned pea grade as
determined by experts and to the alcohol-insoluble-
solids content of the final canned product. However,
because of the effect of cooking in causing a greater
softening of tilemore mature peas than the younger peas,
the Canco Tenderometer may not give a reliable index
01' the quali ty of the canned product, especi ally if it
contains excessively mature or starchy peas. (Martin,
1937; Martin, Lueck, and Sallee, 1938 a and b.)
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One of the gre,t problems confronting Canco Tender-
ometer operators has been that of instrument standard-
ization. Test substances tried have included metallic
foils, waxes, and soft plastics. Raw peas selected for
uniformity and preserved in alcohol, ~peared to be
dependable for comparing readings obtainable on Tender-
ometers and a convenient means of comparing those in
different locations. This procedure was not considered
ideal from the outset because the standard did not
show which machine was reading correctly -- there was
no standard reference maChine -- and the test material
changed rapidly with t:1me. (Anonymous, 1949; Tressler,
1949 a and b.) Far these reasons the use of the raw
peas-in-alcohol standard has been abandoned. (Ritchell,
personal communication, 1956.)
The Canco Tenderometer has been applied to a
number of products other than raw peas. Contrary to
earlier reports, fairly good correlatim s have been
found for ArS and cooked pea cotyledon values, although
resul ts from cooked whole peas have been generally poor.
(Makower et al, 19530) Good correlations of organoleptic
and Tenderometer results for frozen peas have been found.
(Lee, Whitcombe and Henning, 1954.)
Since the ripening of fruits such as apples,
peaches, and pears is accompanied by a tissue softening,
the Tenderometer can be used to determine the proper
stage of firmness for their harvest, marketing, and
packaging. The method can be applied to any fruit, the
flesh of which can be ~ut in cubes, one-fourth inch on
a side, for the test and which contains no interfering
seeds. (Anonymous, 1948.)
The Canco Tenderometer with minor modifications has
been used for other purposes such as the quantitative
determination of the firmness of calcium treated apple
slices. In this case, the balanoing pendulum had a
weigh t abou.tone-half that of tha t used f or peas.
(Guadagnl, 19500)
By modifying the Caneo Tenderometer to read up to
S50 psi shearlng force and fitting it with a smaller
sample chamber, blanched samples of lima beans could be
graded. (Lee, 1943.) This heavy duty modification has
also been used for the softer vegetables and cuts of
meat such as beets, carrots, turnips, and cubed round
steak. (Lee and DuBois, 1942.)
The Caneo Tenderometer has also been used to measure
the fibrousness of asparagus. Early physical testers
for this purpose included an adaption of the pressure
tester commonly used to test fruit firmness with a
stainless steel knife fitted to the plunger. The
pressure required to cut the stal¥ Is recorded. (Kramer,
Haut, Scott, and Ide, 1949.) A device called the
Fibrometer has found some use to test the canned Asparagus
product. It makes use of a stainless steel wire to cut
the asparagus stalks. (Kramer, Haut, Scott, and Ide, 1949.)
High correlations have been found for Canco Tender-
ometer asparagus readings versus both subjective panels
and crude fiber content. (Jenkins and Lee, 1940.)
The university of Maryland staff recently has
developed two instruments based on the Canco Tender-
ometer shearing principle, but much smaller and more
convenient to operate. One is a miniature Tenderometer used
to objectively measure the quality of raw peas, sweet corn,
and other vegetables. It uses two principles of action:
with peas, a series of steel bars shear through a sample
of shelled peas and the force required is measured;
for sweet corn, a weighed sample of kernels is squeezed
for three minutes at SOO psi, the amount of juice
extracted indicating the succulence aDd therefore the
quality.
The second instrument is called a Shear-Press and
consists of a test cell and grid designed for specific
vegetables, and a test cylinder wi th a floating piston
attached to the grid to transmit the force applied to
the vegetables to hydraulic fluid which actuates the
output sage. There 1s a power cylinder to provide
actuating force, a valve to control the direction of
travel of the test cylinder, and an electrically
operated hydraulic pump. Pressures of up to 1000 psi
can be developed in the Shear-Press. Results from this
. r1.0
instrument have shown high correlations with USDA grades
for peas and asparagus. (Anonymous, 1950; Kramer, Aam1id.
Guyer, and Rogers. 1951; Kramer and Aamlld, 1953; Wiley,
E1ehwany, Kramer and Aager, 1956.)
The problem of evaluating the masticatory properties
of meats has len t itsel.f to nei ther chemical nor
subjective methods. Several mechanical devices have
been used as objective measures, among these the
penetrome ter and the punc turemeter. '!hef'ormer
measures the depth to which a needle under a constarnt
stress penetrates the sample in a given time. The puncture-
meter measures the f'orce required to cut or puncture
with a blunt instrument. (Tressler, Birdseye, and Murray,
1932. )
However, the most widely used instrument tor
measuring meat quality is the Warner-Eratzler Shear.
This device is operated by placing a f'lat sample ot meat
cut along the .grain between steel plates each of which
has a one-inch hole bored through the center. A solid
s~eel rod 1s guided en to the sample through the hole in
the upper plate and pressure is applied to the rod
until the meat gl.vesway and sheared out. The maximum~
force at the point of shearing is considered the measure
of meat quality. Studies have been made to determine
the thickness of'blades used in place of' the steel rod;
the size, shape, and dullness of the hole; and the
position and speed that gave the most precise results.
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Further a standard beeswax, rosin and paraffin concotion
has been brewed as a reproducible standard. (Warner,
1933; Bratzler, 1932; Lowe, 1955.)
The Christel Texturemeter described above for peas
has been modified far meat testing by the addition of an
electric motor and reduction gears which imparts an 0.32
millimeter per second downward motion to the drive
shaft. A cylindri cal sample is placed in the holder and
the motor is started. When the shear prongs tou~h the
sample, manual recording of the shearing force indicated
on the dial is begun and continues until the prongs
have passed through the sample. 'n:1eresults are ex-
pressed in terms of area under a force versus distance
curve which is an index of the total work of shearing.
Beeswax and pare.wax are used as the standards. In the
same series of experiments, a Hamilton Beach food
grinder was adapted with special grinding plates and a
recording wattmeter which indicated the power con-
sumption required to grind a standard sample of meat.
(Miyada an~ Tappel, 1956.)
As indicated previously, at least one group has
attempted to measure the specific property of crispness
in almonds. Their work was based on ear11er experiments
which did not involve the careful subjective evaluation.
In this early work, an apparatus was developed which
consisted of two small brass strips, one a support and
the other a knife. The knife was inserted vertically
through a hole in the support so that a section of nut
could be placed horizontally through a hole in the
knife and thus made to support the knife and the
weight of added Shot. The edges of the hole were square
and sharp to minimize crushing before shearing. The
bottom of the knife had a receptacle into which the
shot was poured until the knife sheared the specimen.
The weight of the shot was recorded as the index of
shearing. (Pitman, 1930.)
The more recent almond studies involved cutting
each cotyledon into a small bar which was placed to
protl'Ude from a fixed horizontal groove whose lower
edge was curved. Above the groove was fixed a micro-
meter, operated at a constant rate of speed to deflect
the tip of the protruding bar until fracture occurred.
The amount of bar deflect on from first contact to
fracture could be used directly as an inverse index
of brittleness or crispness. (Sterling and Simone, 1954.)
The measurement of the masticator,..properties ot
baked goods has led to the development of several
instruments. One of the first crude instruments had a
plunger in contact with sample attached to the bottom
of one pan of a balance. Tbe weight required for balance
was the index of compressibility. (Platt and Powers, 1940.)
Compressibility testers are used not only far comparing
different baked goods, but also to follow their staling.
Using the basic principle, the above instrument was
refined into the Baker Compressimeter, probably the most
widely used device for evaluating baked good. The
results from this instrument are in terms of force-
deformation relationships in the crumb. (Crossland and
Favor, 1950; Noznick and Geddes, 1943.)
Some research groups have attempted to break down
the masticatory propertis of baked goods into their
components. Releasing the compressive force from the
sample in a compressimeter J allowing the sanp1e to re-
cover for a given time, and measuring the recovery gave
an index of elasticity. (Niko1ayev, 1941.)
The tensile strength of cake has been measured by
an instrument which oonsists of two clamps attached
to either end of the specimen. A small bucket was
hung from the lower clamp into which water was run at
a con stant rate until the sample broke. The total
we~t required to pull apart a unit cross-sectional
area of sample was the value of tensile strength.
(Barmore, 1936.)
The shortness of baked goods is measured by the
widely used Shortometer which oonsists of a pair of
parallel rails on whiCh the sample is placed. A bar
on striking member exerts a crus1ng force on the
sample. The force required to break the sample is the
index of shortness. (Davis, 1921; Bailey, 1934.)
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ihe Bloom Gelometer, used commercially as the
standard measure of gel strength of gelatin, pectin,
and seaweed extract gels, has been modified for the
measurement of tl:ecompressibility of baked goods. In
this instrument, a plunger of about one inch diameter
is forced a fixed distance into the sample by a steady
increse in weight on the plunger by mesns of the
addition of shot. The weight required to give the
fixed deformation is the measure of compressibility.
(Cathcart, 1956; Carlin, Hopper and Thomas, 1947;
Bradley, 1949.)
In addition to its usage to measure the compressibility
of baked goods and gel strength, the Bloom Gelometer has
found wide applicaticn in the candy industry to measure
the masticatory properties of marshmallows, jellies,
and other soft chewy type candies.
The grease penetrometer has also been used to
measure these properties or candies. In.this device,
the shaft and its plunger are released under their own
weight and allowed to penetrate or compress a confection
for a fixed time. The distance which the confection is
penetrated or compressed is the index of masticatory
properties. A large brass cone is used as the plunger
for firm candies, a needle-like attachment Is available
for harder candies, and a braes disc is used to measure
the compressibility of cast marshmallows. (Cross, 1956.)
THE USE OF MASTICATORY MOTION TO MEASURE MASTICATORY PROPERTIES
It is now apparent that existing instruments use
the simple mechanical operations of Shearing, crushing,
puncturing, or cutting. These single operations are
very different from the complex operations.which occur
in the human mouth during the chewing process and
therefore, accurate objective measures could not be
expected. An instrument which can duplicate actual
conditions of mastication would yield highly meaningful
data. However, there are several features of~he human
chewing process which cannot be reproduced faithfully
by a mechanical apparatuso These include:
1. The complex movement and force exerted by the
jaw and the continual adjustment to the resistance
encountered.
2. The continual production of saliva and its
mixing with the food.
3. The complex movements of the tongue, lips,
cheeks, and other fleshy portions of the mouth, to
move and position the food within the mouth and especially
to reposition the food between the teeth after each
bite so as to expose a fresh surface for biting.
The simulation of these conditions as closely as
possible is necessary for a true objective indication of
masticatory properties. It must be recognized that
the above three factors are variable under different
subjective conditions and that subjective evaluations
of masticatory properties of an item might easily vary
between individuals or between the same individual
at different times. Experiments involving the measure-
ment of forces in humans chewing food have indicated that
even the use of humans may not be reproducible to the
degree needed for research and quality centrol. (Manly, 1951.)
The r frst efforts to mechanically simulate human
masticatory motion for the objective measurement of
masticatory properties in 1907 when a German research
worker, K. Lehman, fabricated a set of iron jaws with a
mechanical transducer for the measurement of meat.properties.
(Lowe, 1955.)
However, the first practical apparatus was de-
veloped in Germany in the late 1930'S. It was shown that
the measurement of the vertical force to crush food
with artificial dentures or rounded wedges could be
meaningful in the determination of masticatory properties.
The apparatus allowed the recording of the force as a
fUnction of the resulting deformation and the determination
of total en ergy used for this de:r,ormation. The force
was measured on a recording drum mechanically coupled to
the apparatus so that the horizontal deflection d the
recording pen was proportional to the crusing force,
and the vertical movement of the drum was propcrtiona1
to the dis tance between the crushing surfaces. The
resultant force-distance plots were then correlated
with physiological properties of the food being crushed.
The apparatus has no provision for cyclic repetition
or lateral and protrusal Shearing motions so important in
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mastication. HCMelter, this apparatus and the associated
experimental work whiCh were interrupted by WorldWar II
have aided considerably toward the determination of the
important requirements of an-objective instrument and
have laid the foundation for the development of the
present instrument. (Volodkevich, 1938a and b; Volodkevich
and Krumbholz, 1943.)
Since World War II, the research staff ot Tufts
university Dental School under and Office of Naval
Research project has engaged in a highly significant
study of human masticatory forces. The literature in
the field of dental research suggests those processes
in human chewing which reveal to the individual the
masticatory properties of the food undergoing mastication.
Briefly, mastication consists of the process of biting
and chewing food between the teeth by moving the lower
jaw with respect to the upper jaw. 'lhephysiology and
'anatolDJwhich make possible the complex movements may
be said to involve a unique arrangement of muscles in
the head which allow articulation of the lower jaw
with the bones of the head to which the lower jaw is
attached. As a resul t the lcwer jaw may be depressed
or elevated, and moved forward, backward, or sideward.
The tongue, cheeks, and lips control and direct the food
between the teeth. The tongue also teels the size of
the particles of food and therefore relays information
to the subject as to when the food should be swallowed.
The saliva helps to soften and disintegrate the food
in addition to its function as a carrier for digestive
enzymes. The individual is informed of progress in the
mastication process by sensory impulses originating
both in the fleshy portions of the mouth and in the
masticatory muscles. The different teeth which come
into contact with the food perform various functions
wi th varying degrees of efficiency in accordance with
their structure, incisors, canines, bicuspids, molars,
etc. (Proctor, Davison and Brody, 1956a.)
The Tufts research group measured maximumhuman
biting force by means of an instrument calJe d the
Gnathodynamometer whose input transducer is a Bet of
induction-type strain gages. The instrument Is placed
between oppos:fng pairs of teeth in the mouth of &n
inM vidual who then bi tes down. The bi ting force is
sensed on the Gnathodynanometer and recorded. In later
studies, the Gnathodynanometer was placed on one side
of the mouth at the same time that the individual was
chewing various foods on the other side. In this way,
the forces required far the mastication of these foods
were measured. Xhe maximumbiting forces on the first
molar in pounds per unit tooth area for some ~pical
foods are bologna 2, salami 4, veal 5, peanuts 10,
almonds 11, appIe 13, carrot 14.
Another device used by this group to measure biting
forces consisted of a dental bridge equipped with induction-,
type strain gages. The denture containing the first
molar and first and second bicuspids was placed in the
individual's mouth and the actual forces exerted by
the individual were measured. The use of artificial
dentures indicates maximum biting forces of only about
one-third those encountered with natural teeth due to
the lack of the firm bone-to-bone anchoring of the
la t te:r. (Manly ~ 1951.)
The results obtained by the Tufts and Volodkevitch
groups have been used by the M. I. T. Department of
Food Technology to develop a new instrument for the
measurement of masticatory properties of food. (Proctor~
Davison~ Maleoki~ and Welch, 1955.)
While the actual duplication of mastication is
extremely difficult, there are certain features
characteristic of the chewing process which can be
simula ted through nechanica! and electronic means,
allowing, at the same time, a quantitative significance
characteristic of the masticatory property concept
experienced in the human chewing process. These features
are: a) duplication or the chewing surfaces in the
mou th through the use of actual false human teeth~ b)
simulation of the coordinated grinding and crushing 'motions
of the chewing cycles characteristic in human chewing,
and c) instantaneous transmission of all forces
encountered by the jaw muscles in chewing. In order
to include these three characteristic features, a
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maohine was oonstructed which utilizes an actual set
of false human dentures set in a mechanical chewing
arrangement with provisions for variation of the
motions. Measurement of forces encountered are
accomplished by instantaneous reading of the amplified
output from bonded wire resistance type strain gages
appropriately placed on the apparatus.
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STRAm GAGE DENTURE TENDEROI~TER
MECHANICAL APPARATUS:
The Strain Gage Denture Tenderometer has been
previously described. (Proctor, Davison, Malecki, and
Welch, 1955.) This information will be elaborated here
for reference purposes.
Figure no. 1 is a symbolic block diagram illustrating
the relative mechanical and electronic connections of
the apparatus. Figure no. 2 1s a photograph showing
the relative physical positions of the components.
The input transducer of the apparatus is a conventloBal
dental articulator mechanically adapted to simulate the
frequency and mati ons of mastication. Food samples are
placed between the dentures and the motor whiCh. drives
the mechanism is actuated causing the teeth to bite
down upon the sample. The food offers mechanical
resistance to the downward biting motion of the
articulator. This mechanical resistance is.transmitted
through the mechanical drive mechanism to the main
drive bar to whiCh are affixed banded wire resistance-
type strain gages. The strains imparted to the drive
shaft as a result of the s~u1ated mastication are
detected by the strain gages which are electrically
oonnected as two arms of a Wheatstone bridge. Changes
in the electrical resistance of the strain gages which
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have, in turn, arisen from the changes in the strains
on the member to whiCh they are bonded, are amplified
as voltage Changes in a single-stage push-pull D-C
pre-amplifier. The output of this modifier is fed
into the vertical deflection circuit of a cathode ray
oscilloscope to drive the electron beam vertically on
the tube :face•
.MASTICATOR AND DRIVE ASSEMBLY:
Figure no. 3 is a diagram with top and side views of
the masticatory and drive assembly. Figure no. 4 is a
photograph o:fthe articulator and drive mechaniemo
The masticator, portion of the apparatus was designed
to simulate the three basic motions of the human lower
jaw: 1) opening and closing or vertical motioo; 2)
lateral or sideways motioD; and 3) protrusal or :forward
motion. The articulator is an instrument used by the
dental prosthetist in his work of construction of
artificial human dentures. ~is piece of equipment is
normally used to align the dent~es and to simulate
jaw positions. (The articulator was manufactured by the
Hanau Engineering Co., Inc., Buffalo 8, New York.)
It has adjustable condylar guides for protrusive and lateral
excursions and an adjustabl e incisal guide. The
articu1s.tor enables accurate adjustment to mandibular
movements.
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PLAN VIEWS OF MASTICATOR AND DRIVE ASSEMBLY OF STRAIN
GAGE DENTURE TENDEROMETER
FIGURE NO.3
Acrylic dentures, consisting or a rull set of
acrylic teeth imbedded in acrylic gums,. are sec~ely
fastened to the articulator jaws. In order to keep
the food positioned between the teeth during testing,
removable simulated lips made of a resilient plastic,
Elastomer 105, FormUlation 15-k, Elastomer Chemical
Corporation, are plaoed around the lower dentures.
Articulator motiae Is actuated through a specially
designed transmission device oonnected with a geared-
down electric motor. Referring to Figure no. 3, a
Chain drive connects the motor drive to a shaft which
turns two discs. '!hellBln drive beam which causes the
articulator's vertical movements is horizontal to a
vertical shaft connected eccentrically to one of the
rotating discs. Ther vertical shaft is equipped with a
safety spring to prevent development of excessive
damaging pressure on the teeth by taking up excessive forces
on the beam, if they should develop. The up and down
motion of the top of the vertical shaft resulting from
the eccentric rotation of its bottom causes a similar
movemen t of the rear end of the main dri va beam. fuis
beam is a single unit with the upper denture, pivoted at
the rear of the articulator, and thUs an up and down
motion of one end of the drive beam has a lever action
and causes a similar motion in the upper denture.
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The second rotating disc also has a drive beam
attached to its rim to create an eccentric motion, this
time reciprocating since the shaft is horizontal. The
fore end of this beam Is attached to the composition
base on which the lower denture rests. This base Is
free to swivel in a rotary motion on ball bearings set
in the composition base of the entire apparatus. The
reciprocating motico of the second drive shaft which is
also equipped wi th a safety spring, thus causes an
oscill.atory motion of the entire articulator base.
A rigid beam perpendicular to and rigidly attached
to the main drive shaft and horizon tal to the base is
free to pivot horizontally at the vertical pivot point
thus creating a lateral motion of the upper denture with
respect to the lower. Damage to the main drive beam
is prevented by a universal joint at its rear end.
Adjustments available .for variation of the motion
are the calibrated left and right condylar adjustments,
the calibrated left and right lateral adjustments, and
the uncalibrated left and right centric adjustments.
The first controls the distance o.f the articulator's
lateral motion and the distance between the opposing
teeth at the .fully closed position. The lateral ad-
justment controls the distance of the articulator's
protrusal motion. ~e centric adjustment can control the
distances of the articulator's simultaneous lateral and
protrusal motions.
The moyement of the masticator Is such that the
upper jaw moves relatl ve to the lower jaw instead of
the reverse arrangement as in actual chewing. This
allows a more stable platform for sample placement. The
frequency of chewing is 45 cycles per mdnute, approx-
imating that of human mastication.
STRAlN GAGES:
The basic principle upon which bonded wire resistance
strain gages operate was expounded by Lord Kelvin in
1856: "Change of Electrical Resistance with change in
Strain." Certain metal wires possess the property of
doing just this: as they are stretched or compressed
they, of course, change in length and ccnsequently in
cross-sectional area. In addition, there is a change
in densi.ty of molecular packing and thus a char.ge in
the electrical resistance.
In the common SR-4 gage, the wire is formed into a
small grid so as to get the greatest length of wire
into the smallest space. This gage is a bonded wire
resistance type in that it is sandwiched between two
pieces of paper, and the entire assembly Is affixed
to the member whose strain it is desired to measure.
In this manner, changes In s train on the member are
reflected by changes in length of the wire grid.
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strain gage sensitivity is an the order of magnitude
or several microinches deflection per inch length of
member. However, the change or resistance in the strain
gage caused by any strain is only of the order of mag-
nitude of a few tenths of a millioh;l,am thus a
Wheats~tone bridge must be used to measur e the5e
changes in resistance. (Murray and Stein, 1956.)
The strain gages used were manufactured by Baldwin-
Lima-Hamilton Co., Cani>ridge, Mass., lot no. 232-11.
The'yare Type A-7, have a resistance of 120 +0.3 chms,
and a gage factor of 1.94 f 2%. The gage factor is a
quantitative measure of change in resistance relative
to change in length and Is expres sed in units 0 f ohms
change of resistance per ohm gage resistance divided
by inches a change of length per inch Imgth original
length. Type A-7 indicates a gage made of constantan,
a copper nickel alloy, a nominal grid length of t inch
and a minimum trim width of'7/32 inch although the
actual grid width is'only 7/16 inch. The cement used
for bonding was DuPont Duco nitrocellulose base.
Originally gages were attached to all f'oursides
of the main drive shaft, but experiments showed that
two gages affixed to the top and bottom would give
substantially tilesame output. 'Ibegages are mounted
on opposi te sides of the beam so that the bending of
the beam will ~oduce a tension strain on one gage, at
the same time producing a compression strain on the
, r3~.
other gage. In this way the output potential o£ the
combined system is twice that o£ one gage, since the resis-
tance bridge circuit will be un~alanced in proportion to
the difference in the strains applied to the two gages.
In addition, one gage acts as a temperature compensation
gage. All strain gages of this type have an extremely
high temperature sensitivity and a dummy gage or a
second meas'UI'inggage must be used with the primary
measuring gage, since any increase or decrease of
resistance caused by temperature changes will be of the
same magnitude in the same direction.
The beam is on No. 245-T wrought aluminum alloy.
The yielding force for this arrangement, based upon
moment calculations using a yield strength of 43000
lb./in 2, is abalt 22 pounds.
ELECTRONIC CIRCUITRY:
Figure no. $a is a circuit diagram of the strain
gage bridge and the preamplifier used as the first
stage of ampli£ication for the bridge output. The
preamplifier circuit is a ba~anced push-pull DC type.
When only single stage amplification is required, a
DC amplifier 1s satisfactory and its output far
simpler to use than is its AC counterpart. The use
of a push-pull has the great advantage of rejecting to
ground unwant ed noise common to both grids. Since the
output transducer has provisions for a balanced input,
the circuit was designed to take advantage of this
factor whiCh also aids in rejecting noise to gro~d.
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The bridge output is fed into the two grids of a
6SN7 tube which has an amplification factor of about
twenty. ~e original circuit design had battery sources
for both tube filament and plate voltages. The resultant
arrangement is very stable with respect to external
electrical disturbances. However, the maintenance of
electronic balance requires routin~ operational checks.
The system's output transducer is Dumont Model Noo
304-A cathode ray oscilloscope, an element Which
gives a visual picture of the electronic signal out-
put from the pre-amplifier. Operating on llOv. AC
line supply, it has its own power supply, and horizontal
and vertical amplifiers each with amplification factors of
about 100. Thus the total amplification of the strain
gage output is about 2000. 111eelement has a sensitivity
or 100 millivolts DC full scale deflection, and since
the tube has a five inch face, this is equivalent to a
deflection factor of 25 peak-to-peak millivolts per incho
It is now apparent tha t the strain gage outputs indicated
above will give large deflectlons on the oscilloscope
face.
The focus of the electron bewn is adjusted so as
to produce a luminous spot of about 1 mm. diameter on
the cathode ray tube. '!hecoordinates of the spot on
the tube face thus correspond to the voltages impressed
upon the vertical and horizontal deflection circuits.
Variation of the anplificatlon attenuation controls
of'the oscilloscope allows for multiple Changes of
instrument sensitivity. Further, the instrument may be
standardized by adjusting the sensitivity control to
obtain a definite deflection for an input from a voltage
calibrator. (Heathkit, Model VC-2.)
Since the cathode ray oscilloscope operation may be
affected by variations in line voltage, a Raytheon
VR6ll4 saturated magnetic type voltage stabilizer is
used to minimize any such effects. Such a unit gives
an RMS line supply sufficiently s table for these
purposes.
Conven tional shielding techniques have been used
on cables and preamplifier to minimize the effects of
electrical and magnetic stray fields. In addition,
the entire apparatus is mounted' on sponge rubber to
m1ni~ze the effects of external mechanical disturbances.
The moving spot on the cathode ray tube face may
be made to leave a trace on a photographic film by
means of a special camera attachment. The Fairchild
Oscilloscope Camera Model F-284 consists of a bezel
which fits directly onto the cathode ray tube, a hood
which attache s to the bezel and to which' a special
Polaroid Land Camera Is attached at the opposite end.
The camera has a riveted frame whiCh maintains the focal
length properly for the hood length. The camera is
further arranged so as to enable the photographing of
two oscilloscope traces on each frame. The Polaroid
Land camera is that type in which the film is developed
in one minute, a great convenience factor.
CIRCUIT MODIFICATIONS:
Modifications were made on the original instrument
to improve its operation and to adapt it for some of the
uses described below. Both the tube plate and filament
batteries of the strain gage preamplifier were replaced
by taking off power from the stabilized power supply of
the oscilloscope itself.
Replacement of the 6 volt bridge battery with
batteries ranging from Ii to 12 volts allowed for
decreasing or increasing the bridge eensitiv1ty
depending on that required in the force measurements.
In order to make the photography of single bite
cycles more convenient, an arrangement was added which
would allow for optional manual successive cycle or
push-button single cycle operation. The circuit for this
arrangement is shown in Figure no. 6.
A micro8witch is attached vertically to a right angle
bar, which, in turn, is affixed to the apparatus com-
position base. '!hemicroswitch, which is in the normally-
open position, is arranged so that it faces the lateral
motion drive beam wh jch drives back and forth in a
reciprocating'motion during each complete cycle. When
the push button is depressed momentarily, the circuit
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FIGURE NO.6
from the llOv. line to the electric motor field coils
is closed for a sufficient length of time for the motor
to move the lateral motion drive shaft forward suff-
iciently to close the microswitch. The microswitch,
being in parallel with the pu~h-button, then keeps the
line from the llOv. supply to the motor closed until
the lateral motion drive bar has drawn back sufficiently
to OpEl} it. The power to the motor is cut and the
motor stops thus stopping the single bite cycle. The
push-button arrangment is in parallel with a manual
control switCh and there is a selector switch which
allows the optional use of eithere FUrther, a manual
switch on the time sweep is in parallel with the entire
arrangement so that the apparatus may be operated with
this switch regardless of the position of the selector
switch.
The physical arrangement has the entire control
switch apparatus in a box attached to the pre-amplifier
case. -
OPERATION AS A FORC~TIME INSTRUMENT:
There are two fundamental types of figures which
may be observed on the oscilloscope face, one o~ which
is the force as a function of time or force-time
diagram. In such a picture, force is represented on
the ordinate and time on the abscissa. This Is accom-
plished by &lvertical deflection input of the strain
gage preamplifier output simultaneously with a horizontal
4-+,-1..
deflection input of a time sweep to drive the spot
horizontally across the face of the screen. The time
coordinate is impressed upon the horizontal deflection
circuit by means of a conventional He time decay circuit
shown in Figure no~ Sb. Switches s4 ~d s6 ~r~;G
normally closed allow the capacitor to charge fully.
When switches s5 and 87 are closed to start the
masticatory motion ~nd time sweep, switches S4 and 86
are opened. The closing of switch 85 allows the
capacitor Which has a long time constant to discharge
across the resistor creating a slowly decaying or
varying voltage input to the horizont& deflection
circuit of the oscilloscope.
Typical force-time figures obtained for various
materials are shown in Figure no. 7. EaCh complete
up and down trace represents one complete bite cycle.
Figure no. 7A is a trace obtained when a steel spring
used as a primary standard is placed on the incisal pin.
Figure no. 7~ is a trace obtained when a sponge rubber
cube, one centimeter on a side, used as a daily standard
is placed between the left first molars. Figures no.
70, 7D, and 7E are traces obtained when samples of fresh
lima beans and fresh and frozen corn, respectively, were
placed between the left first molars. The left portion
of these traces represent free run or strain gage out-
put when there Is no sample between the teeth. Figure
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no. 7F is a trace showing the e~fect o~ increasing
horizontal sweep speed, and shows more clearly the
details o~ the force-time diagram and the chewing
cycle.
The operational details of the instrument for use
as a force-time instrument will now be described. The
first step is to turn on the cathode ray oscilloscope
and allow it about )0 minutes warm-up time. At the
same time, the pre-amplifier switch is turned on to allow
its tube to warm. The cathode ray oscilloscope controls
are set as follows: Sync amplitude, sweep vernier, and
sweep range, all fully counterclockwise since the
horizontal input is DC; X-selector, DC-I; X-&~plitude,
10 generally but higher if a more detailed sweep is
desired; syno seleotor, line; Y-axis, DC-O.OI and
multiplier - 1.0 for maximum vertical input amplifi-
cation; and intensl~, full counterclockwise to assure
extinotion of the spot until it is needed ~n order to
prevent burning of the screen.
After the warmpup period, the masticator i8
brought to its fully-open position by manual control
and the proper Wheatstone bridge battery is connected
acrOBS the bridge. A voltmeter set at 60 microamperes
is put across the bridge which is balanced at zero
microamperes by means of a potentiometer between the two
fixed bridge resistors. In order to balance the output,
the voltmeter is placed across the preamplifier'S out-
put terminals and again set at 60 microamperes. A
potentiometer across the 6SN7 plates is adjusted
until the meter reading is zero.
The time sweep circuit battery is connected in
place and the oscilloscope intensity is turned up until
a spot about 1 Mm. in diameter is visible on the left
side of the tube face.
Using film with ASA speed of 100, the camera Is
set on lens opening of f/4 and a shutter speed of
tIme.
The camera Shutter is opened and the Denture
Tenderome ter 1s turned on and allowed to go throu gb.
several complete bite cycles. The food sample is
then placed in the teeth and the masticator is
allowed to go through several more complete bite
cycles before the camera shutter is closed and the
Denture Tenderometer is turned off. The fIlm is then
developed and removed from the camera.
OPERATION AS A FORCE-PENETRATION INSTRUMm T:
Probably the most significant impression obtained
in the mastication of a food by an individual is that
of force exerted as a function of distance between the
teeth during the chewing process. Accordingly, several
attempts were made to duplicate this brain sensation
electronically.
To obtain simultaneous indications of reaction
forces of foods to mastication and penetration into
the food during the mastication process, the strain
gage output was measured simultaneously with an output
whiCh was a function of the spacing between the
dentureso This was accomplished by coupling a position
transmitter (General Electric No. 8TJ9PDN) to the
geared-down drive motor shaft. The position trans-
mitter is a continuous resistance winding potentiometer
which is tapped at three equi-distant points with a
resistance of 600 ohms between points. Double sliding
contacts fixed 1800 apart are attached to the continuously
rotating shaft. By placing a DC voltage source between
the position trmsmitter and the unit's output~ a
voltage output is obtained which varies linearly with
the angular position ot: the shaft. Figure no. 8
shows how this arrangement is used for obtaining suoh
an output. The coupling was physically arranged so that
the minimum and maximum voltages appear simultaneously
with minimum and maximum spacings between the dentures,
orespectively, since each 360 rotation of the shaft is
equivalent to me complete bite cycle of the masticator.
The intermediate voltages were calibrated to indioate
the various intermediate spacings between the dentures.
Figure no. 9 shows the physical arrangement of
the apparatus for this purpose. The entire unit was
mounted on an al um1num bracket and connected to the
geared down output of the drive motor having the same
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speed as the chain drive actuating the mastioator.
The oonneotion :frommotor to indicator was by means
ot a flexible shatt connector.
A number of output transducers are conmerclally
available to give satisfaotory indications of the
strain gage output as a function of the position
indicator output. There are oscillosoopes with two
independent cathode ray tubes. The Dumont type 322
dual-beam cathode ray osoil1oscope utilizes a dual-beam
cathode ray tube, containing two wholly independent
electron-gun and defiectlon structures. This unit
also has two wholly independent signal ohannels which allows
the oomparison of the two waveforms on the same screen.
(Dumont Cathode-ray Equipment, 1953.)
Three different methods were used successfully to
simultaneously record the force and spaoing (penetration)
measurements. Figure no. 10 shows these three arrangements
symbolically .'
Figure lOa shows a dual ohannel amplifier-recorder
(Sanborn Model 150, Sanborn Co., Cambridge, Mass.)
which produoes the traces of the force and penetration
outputs with respeot to the time axis of a strip chart.
The unampl1.fled strain gage output was the vertical
defleotion input of one ohannel and the position
transmitter output was the vertical defleotion input of
the second channel using the unit's own AC power
supply as voltage source. The transducer's internal
4S
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time sweep drove both signals horizontally. The
speed of recording may be varied to give more
comprehensive and detailed readings. A multi-
channel unit can be used for measuring more than
two forces simultaneously with denture spacing.
This arrangement is very useful and convenient
but requires a considerable financial investment in
a dual channel recording device possessing sufficient
speed and sensitivity to handle these signals.
The Sanborn 150 has a carrier pre-amplifier so
tha t an internally produc ed 2400 cycle carrier wave 1s
the bridge input and the autput is amplified and de-
tected in a phase sensitive detector. The frequency
response of the unit is 0-100 cpa, and its input
impedance is 2500 ohms allowing for a 100-1000 ohm
bridge impedance. The unit's sensitivity is 400
microvolts full scale deflection.,
Figure no. 10c. shows how the oscilloscope may
be used to measure both the force and penetration
signals as vertical de~ections with the horizontal
deflection is a fUnction of time. The traces photo-
graphed on the cathode ray tube are similar to those
obtained on the strip chart of the dual channel
recorder. This result is achieved,by means of an electronic
switch (Heathkit Model S-2, Heath Co., Benton Harbor, Michigan)
5::'"
which makes possible simultaneous observation of two
signals on the face of a cathode ray osoilloscope. The
two signals to be investigated are connected to separate
vacuum tube an:plifierswi thin the unit. A multi vibrator
circuit in 'theelement generates a square-wave voltage
which alternately blocks these amplifiers. The amplifier
output cirouits are connected so that the output of the
electronio switch is composed of first one signal and
then the other; the rate of 8witohing from one to the
other is variable by means of front-panel controlso
The rate is suffioien tly rapid that the combined
output may be connected to the amplifier of the
oathode ray oscilloscope, and the two signals appear
simultaneously on the oscilloscope screen. The electronic
switCh also allows the two singals to be inserted at
different potentials so that they are separated on
the face of the cathode ray tube. The two signals are
thus simultaneously, but separately, reoorded as
vertical deflections.
The eleotronic switch was placed in the circuit
between the position indicator -- strain gage pream-
plifieI' combination and the cathode ray oscilloscope.
Since the electronic switch has an internal amplifier,
a buoking battery was placed between the strain gage
pre-amplifier output and the electronic switch input
to drop the DC 1e vel of this input.
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Placement or the electronic switch in the circuit
caused mutual interference between the output signals
on the oscilloscope face. The oscilloscope has
an internal switch f.'orAC and DC inputs, the switch
regulating a blocking capacitor in the oscilloscope, a
blocking capacitor passing AC and blocking DC. This
capacitor, when f.'edthe electronic switch DC output
picked up a Charge and discharged during the electronic
switching. The capacitor was removed f.'romthe circuit
by operating the oscilloscope on DC and was replaced by
a 400v - 0.5 mfd blocking capacitor in the electronic
switch output as opposed to an original 400v - 0.01 mfd
value. ~is arrangement was successful in removing the
mutual interinf'luence.
Integration of the electronic switch into the circuit
showed that the position indicator gave an output sufficient
to impart a satisfactory trace on the cathode r~ oscilloscope.
However, the balanced output of the amplifier could not
be used as the inp~t of the electronic switch since the
switch was not constructed for such an input. iheref'ore,
an unbal anced output, or one side of the amplifier output
was used as the electronic switch input. This unbalanced
input did not have sufficient sensitivity to produce a
satisfactory trace on the cathode ray tube face.
For this reaSal, a new amplifier was constructed
to ampliry the strain gage output to a surficient degree
to give the sensitivity required for oscilloscopic
deflection after passing the electronic switch. This
amplifier was identical to the balanced amplifier with
the one exception that its output had a balanced output
for zero potential. In addition, this amplifier had a
conventional internal power supply utilizing a gas tube
reference. Integration of this amplifier into the
circuit showed 60 cycle interference which was
suppressed by replacing the 6SN7 tube with a 6SL7 which
has a higher amplification factor and thus a higher
signal to noise ratioo_
The electronic switch was further improved by
constructing a conventional voltage regulating s~tem
utilizing gas tube rererences in its power supply.
Figure no. lOb shows how the two signa.lsmay be
used to actuate both the horizontal and vertical
deflection circuit of the oscilloscope as in the conven"
tional force-time operation, and feeding the position
transmi tter output into the horizon tal deflection cireui t.
The resultant trace is an automatic X-Y plot of the rorce
and penetration. This arrangement has the great advantage
of producing a graphical plot of the force-penetration
relationship throughout the entire bite-cycle. The
figure shows how the completed cycle of a single bite
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will appear 1l' the trace on the f'ace of'the cathode
ray tube is photographed. However, the recordjng of
succeeding bites requires the use of a method of'
photographing each bite on separate films as they
appear, inasmuch as succeeding cycles on the same
film may superimpose and not be distinguishable.
Since the first bite has so much signif'lcanee, no
provision has yet been made for recording the succeeding
bites.
The operation of the instrument to give a force-
penetration diagram requires the set-up illustrated in
Figure no. lOb. The vertical deflection circuitry and
operation is identical to that used in force-time
operation. However, the horizontal deflection circuit
of the oscilloscope is actuated by the position trans-
mitter output and the oscilloscope's horizontal amplitude
control is adjusted so that the horizontal distance whiCh
the electron beam moves durlqg one half'of'a bite cycle
rills the horizon tal distance on the screen.
The instrument is operated by placing the spot at
the lower left corner of the cathode ray tube face,
opening the camera shutter (using the same settings as
tor the force-penetration diagram,) and allowing the
masticator to go through one complete bite cycle which
acts as free run. 'n1efood sample is then placed
between the teeth and the instrument is allowed to
go through another complete bite cycle. The camera
Shutter is closed, the instrument is stopped, and
the film 1s developed.
STUDIES ON THE MASTICATORY FORCE AND MOTION
It has been indicated that different teeth which
come into contact with food perform various functions
with v8r1ing degrees of efficiency in accordance with
their structure. For ex&nple, the incisors slice, the
canines pierce, and the bicuspids and molars shear and
crush. Therefore, the importance of tooth structure
cannot be overlooked. "Man is an ~mnlvorous animal.
His teeth are adapted to a carnivorous, herbivorous, and
frugmvorus diet. He can pierce, incise, shear, and
tear his food, 88 well as Chew, co~nute, grind, and
mill it." (Klatskyand FiSher, 1953.)
These considerations led to the iQ~estigations
reported in this section. The action of the Denture
Tenderometer has been studied 10 relation to teeth used
and to movements and forces, as obtained for various
settings of the instrument.
These studies were undertaken to obtain information
for simulation of the characteristic movements needed
fot' individual food studies. The masticatory portion
of the Strain Gage Denture Tenderometer is a modified
commercial dental articulator with a variety of adjust-
able guides to allow ohanges in mandibular movemen te.
EFFECT OF A.~TICULATOR ADJUSTMENTS ON MOTION OF TEETH:
Changes in the movemen ts include veriations of'
minimum openings between the teeth as a result primarily
o"fchanges in the ccndylar setting. Ano1her variable in
the movement is the change in lateral or sideward
motion of the upper denture with respect to the lower
resulting from variation primarily in the condylar
setting and secondarily in the lateral setting. Changes
in the uncalibrated centric setting may also be used to
vary the lateral motion. The f'ront-to-rear displacement
of the upper dentur e wi th respect to the lower is
varied by adjustment of the lateral setting.
In this study, the condylar and lateral settings
were varied in increments of five units on each of the
calibrated scales. The range of'the settings was
limited at one end by contact of the upper and lower
dentures and at the upper by the articulator adjustments
locking above the calibrated scale. The settings were
varied individually, i.e., the condylar was varied
throughout its entire range while the lateral setting
was held constant. The lateral setting was then
changed one setting, and the condylar was again varied
throughout its full range. Both the left and rlgnt
settings were varied.
At eaCh setting, a number of measurements were
made in order to characterize the relative positions of
the teeth in the upper denture with respect to those
5ce.
in the lower denture. The only teeth measured were the
opposing left first molars, since other opposing pairs
of teeth are used only in rare instances. The decision
to use this pair for most tests was an arbitrary on~.
']hedistanc es between the outer cusps of the
opposing left first molars at minimum spacing for each
setting were measured by means of a pair of calipers.
Calipers were also used to measure the frant-to-rear
displacement of upper left molar with respect to the
lower at each setting.
In order to measure the latera.L of sideward
displacement, a soft wax~ Apiezon Q, was formed into a
wad which was placed on the lower left first molar.
The upper denture was then allowed to go through a
complete bite cycle. As a result, the upper left first
molar left an impression on the wax which clearly shows
the lateral or sideward moticn which the upper denture
has gone through with respect to the lower. The
horizontal distance from first contact of teeth with
plastic to final bite surface at minimum deflection was
measured and corrected for the angle of side of the teeth
by measuring the horizontal distance of the irregular
tooth.
Table no. I represents the effect caused by the
setting variation on the distance between the upper and
lower left first molars at minimum opening. There is
a definite pattern in these data indicating that the
6(;
TABLE NO. I
Effect of Simultaneous Condylar and Lateral Adjustment SettingVariation on the Distance between Left First Molars at
Minimum Spacing. (Millimeters.)
(All settings positive)
Lateral Adjustment Setting
condIlar
L 0 0 0 10 10 10 20 20
20
Sett ng R 0 10 20 0 10 20 0 10 20
L R
0 0 Omm Omm Omm Omm. Omm Omm Omm Omm Omm
10 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 005
15 0 100 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1<>0
20 0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 200
0 10 0 0 0 0 0 0 0 '0 0
10 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
15 10 105 1.5 200 1.5 2.0 2.0 1.5 1.5 1.5
20 10 2.5 2.5 3.0 3.0 3.0 2.5 2.5 2.5 2.5
0 15 0 0 0 0 0 0 0 0 0
10 15 1.0 1.0 100 145 1.0 1.0 1.0 1.0 1.0
15 15 200 2.0 200 2.5 2.0 2.0 2.0 2.0 2.0
20 15 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
0 20 0 0 0 0 0 0 0 0 0
10 20 200 2.0 200 2.0 2.0 2.0 1.5 1.5 1.5
15 20 2.0 2.0 2D5 2.5 2.5 2.5 2.5 2.5 2.5
20 20 300 300 3.0 3.0 3.5 3.5 3.5 3..5 3.5
lateral adjustment does not affect the distance between
the left first molars at minimum jaw opening; and
the condylar setting does affect the distance between
the left f'irstmolars at minimum denture opening. As
the left condylar setting index increases, the distance
between the opposing left f'irstmolars increases. As
the total ccndylar setting (the sum of the left and
right index numbers) increases, the distance between
the opposing left first molars increases.
Table no. II represents the effect caused by the
variation of condylar and lateral adjustment on the
f'ront to rear alignment of'the upper and lower left
first molars at minimum spacing between dentures. The
displacement was found in every case to be a displacement
of the upper left first molar to the rear of the lower.
The patterns of these data are not as clear-cut as some
of the others, but it is to be noted that as the total
lateral setting index (the sum of left and right
setting indices) increases, the front to rear displacement
of the upper left first molar with respect to the lower
at minimum spacing between dentures decreases to zero.
As the total condylar setting index (the sum of the left
and right settlng indices,) the front to rear displacement
of the upper left first molar with respect to the lower
at minimum spaclr.gbetween dentures also decreases to
zero.
TABLE NO. II
Effect on Simultaneous Condylar and Lateral Adjustment
Settin Variation on the Protrusal Displacement of Left
F1rst Molars at Min mum S acin. Millimeters
(All settings positive)
Lateral Adjustment Setting
2.0mm1.5mm2.0mm2.0mm1.5mm1.5mm1.0mmO•.5mm
2.0 1.5 3.0 2.0 1.5 2.0 1~5 0.5
2.0 1.0 2.0 2.0 1.5 105 1.5 0.5
1.5 1.0 2.0 2.0 1.0 105 100 0
2.0 1.5 2.0 2.0 2.0- 2.0 1.0 0.5
1.0 1.0 2.0 1.5 1.0 1.5 1.5 0.5
100 100 2.0 1.5 1.5 2.0 1.0 0
1.0 0.5 2.0 1.5 1.5 2.0 1.0 0
1.5 105 2.0 2.0 1.5 2.0 100 0.5
1.0 1.0 2.0 1.5 1.5 1.5 1.0 0.5
1.5 1.0 1.5 1.5 1.0 1.5 100 0
1.0 0.5 1.5 100 1.0 1.0 0.5 0
105 1.0 2.0 1.5 1.5 1.5 1.0 0.5
1.5 1.0 1.0 1.5 1.0 1.0 0.5 0
1.0 1.0 1.5 1.5 1.0 1.0 0 0
1.0 0 1.5 1.0 0 0.5 0 0
Condylar
Setting
L Ro 0
10 015 0
20 0
o 10
10 10
15 10
20 10
o 15
10 1515 15
20 15
o 20
10 2015 20
20 20
L 0
R 0
2.0mm
3.03.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2401.5
200
2.0
2.0
105
o
10
o
20
10
o
10
10
10
20
20
o
20
10
20
20
FIGURE NO. 11
Multiple exposure photograph of dental articulator masticating
cbeese sample showing clearly the lateral motion,
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Table no. III represents the effect of condylar and
lateral adjustments on the lateral motion of the upper
lert rirst molar with respect to the lower. Figure no.
11 is a multiple exposure photograph of the masticatory
apparatus in operation whiCh graphically demonstrates
the lateral motion of'the upper denture with respect
to the lower during a single bite cycle. (Photograph
courtesy of'Time, Inc., New York; originally appeared
in Lire Magazine, 29 October 1956.) The f'oodbeing
chewed is Mozzarella Cheese.
As the total candyla~ setting index increases, the
lateral motion of'the upper left first molar with
respect to the lower decreases. Further, as either
the left or right condylar setting alone increases,
the lateral displacement of upper left first molar
with respect to the lower decreases.
These data illustrate the large diversity in
movements that is possible with this instrument. They
have been used primarily to determine the optimum
settings to be used in testing particular foods,
especially with reference to duplicating as closely
as possible the actual human masticatory action upon these
foods. The data have also been utilized in a qualitative
manner to demonstrate the variations in reaction forces
of foods to mechanical mastication which are a f'unction
of a particular eff'ectof condylar or lateral setting
TABLE NO. III
Effect of Simultaneous Condylar and Lateral Ad~stment
Variation on the Lateral Displacement or Lert rst Molars.
(Millimeters)
(All settings positive)
Lateral Adjustment Setting
Condylar
Setting
L R
o 0
10 0
15 0
20 0
o 10
10 1015 10
20 10
o 15
10 15
15 15
20 15
o 20
10 2015 20
20 20
L 0
R 0
o
10
o
20
10
o
10
10
10
20
20
o
20
10
20
20
variation. It has been found that decreasing the
minimum spacing between .opposing teeth increases that
maximum reaction force. Other results are indicated in
the second section below."
ISTOTROPY OF STANDARD:
To determine the effect on force measurement on a
sample for different settings, a one cubic centimeter
sponge rubber cube was used as a standard resistance.
The cube was placed between the molars while the teeth
were in motion and the trace was photographed. Pictures
were taken for each group of settings and deflections
were measured. The possibility existed that the
spong rubber cube was non-isotropic (i.e., exhibits
different Characteristics along different axes) and
therefore would yield variable results arising from its
own characteristics, rather than from the movement of
the articulator. Tests were therefore carried out with
the orientation of the cube for a constant setting
being varied. The results indicated no detectable
differences and the standard cube was assumed to be
isotropic as far as these tests were concerned.
EFFECT OF AR"TICULATOR ADJUSTMEN TS ON OUTPUT:
These tests were undertaken to determine the
effects of variations in condylar and lateral setting
on the maximum reaction force of the standard one cubic
centimeter ~ponge rubber cube upon the upper left first
molar during the masticatory process. The rorce-time
diagram was used to obtain a quantitative measure of
these reaction forces. The maximum derlectian on rirst
bite which was measured as the vertical height of the
rirst bite on the rorce-time rigure was taken as the
index of reaction force.
The tests were also performed for two additional
variables: the presence and absence of lateral motion
of the upper denture with respect to the lower. Lateral
motion was, of course, present during conventional
operation or the instrument. However, in order tto
remove lateral motion, the lateral motion drive bar
was removed from the articulator base to stop any driven
lateral motion. In order to assure that momentum of
the upper denture motion did not cause a lateral
displacement, the articulator base which is normally
free to swivel on ball bearings was tied to a rigid
point. Conventional methods or measuring the lateral
displacement of the upper denture with respect to the
lower revealed no lateral motion at all condylar and
lateral settings using this arrangement. The minimum
spacings between upper and lower dentures and
protrusal'displacements of upper with respect to
lower teeth were the same as wi th 18teral motion,
however.o
The settings used and systen for achieving them
were identical to ~~se used to determine the effects
of articulator adjustmEllt on the motion of teeth, in
the cases of both the presenoe and absence of lateral
shearing motion.
Table no. IV represents the maximum reaction foroe
or deflection caused by the standard sponge rubber
cube obtained for the variation of oondylar and lateral
settings wi th lateral motion present. The data indicate
that as the total condylar setting index increases, the
deflection deoreases. Further, as either the left or
right setting alone increases, the deflection also
decreases. Since the lateral displacement of the
upper denture with respect to the lower also decreases
with an increase of tptal condylar index, it may be
concluded that increasing the lateral and protrusa1
motion has a significant effect in decreasi~ the
reaotion force of a sample being masticated. Further,
as the minimum spacing between teeth decreases, so also do
the reaction forces.
Table no. V represents the maximum reaction force
or det1ecticn caused by the standard sponge rubber
cube obtained for the variation of condylar and lateral
settings with no lateral motion present. The results
indicate that the variations in lateral adjustment
setting have no significant effect on the reaction
forces or deflections. On this basis, it may be
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TABLE NO. IV
TABLE NO. V
(All settings positive)
(G - opposing teeth grind)
7C
Lateral Adjustment Setting
Condylar L 0 0 0 10 10 10 20 20 20
Setting R 0 10 20 0 10 20 0 10 20
L R
0 0 G G G G G G G G G10 0 18.2mm 2300mm 2100rom22~3mm20.Bmm 20.5mml60Bmm2003mml8.7mm15 0 12.8 13.0 1503 1200 1108 1207 12.3 12.2 10.320 0 7.0 608 7.5 7.0 '/700 7.0 647 7.2 6000 10 G G G G G G G G G10 10 16•.5 13.3 16.2 13.0 13.2 14..2 12.7 12,,0 13.515 10 802 7.3 9.5 707 702 702 6.3 7D7 70520 10 503 400 500 4.5 4.0 7.3 400 4.7 4D50 15 G . G G G G G G G G10 15 1003 ilo5 13.5 19.7 1002 10.5 902 1002 11~315 15 6e3 608 B.2 7.B 6.8 7.2 5~8 6.8 70220 15 300 308 500 5.2 3.8 402 3.8 307 L~.O0 20 G G G 3.0 G G G G G10 20 9.2 7.7 10.0 10.2 8.2 8.7 702 702 94315 20 5.0 4~8 707 6.3 4.• 7 502 5115 407 50320 20 3.0 2.B 5.2 3.5 3.2 300 4.5 300 307
ooncluded that variations in protrusal motion have
little, if any, effect upon the reaction forces
encountered in studies in which lateral motions
were included. Accordingly, in all studies subsequent to
these, the lateral adjustment has remained at a
constant zero on both left and right.
However, as the total condylar setting index in-
creases, the deflection decreases indicating that as
the minimum spacing between the teeth during mastication
decreases, the reaction force inoreases. Examination
of the data, however, shows that the deflection decreases
with increasing condylar setting indices are 8ignlficantly
greater when lateral motion is present than when it is
absent indicating that the lateral motion contributes
significantly to the reaction force of sample to the
masticatory pro cess.
The results obtained from these studies indicated
the effect of different condylar and lateral adjustment
settings on the movements and forces exerted on a given
sample and suggested optimum settings to be used in
future work on various foods. r-tis to be noted also
that the relative force recorded with the test object
varies over a considerable range with the variation in
movemen t.
Because of the above results, it is recognized that
any detailed examination of the masticato:ry motion
required the judicious selection of condylar and lateral
adjustment settings. However, i~ the maximum reaction
force was the only measurement of interest, there was
a P9ssibility that a linear relationship existed between
the maximum reaction ~orces ~or the various condylar
and lateral adjustment settings with and without lateral
motion. If such a relationship did exist, this would
eliminate the necessity ~or the lateral shearing motion
o~ the teeth in later, more refined and more automatic
instruments. The production o~ simultaneous crusing and
bilateral shearing motions requires a somewhat more
complex meChanical arrangement than does the production
of a s~mple crushing motion.
In order to determine if such a relation ship does
exist, the maximum reaction forces or maximum deflections
on the first bite far mastication with lateral motion
were plotted against those deflections found for
,mastication without :hteralmotion. The data were
tabulated for each corresponding combination of condylar
and lateral adjustment setting. The deflection at each
of these setting combinations with lateral motion was
then plotted as the independent variable against the
deflection for the same setting combination without
lateral motion.
The plot of this data is shown on Figure no. 12.
Examination of this plot indicates a true linear re-
lationship between deflection with and without lateral
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FIGURE NO. 12
motion. The relationship has the form of Y : 0.943
+ 0.872 x where y is the deflection without lateral
motion and x is the deflection withlateral motion. The
coefficient of co~elation of the deflection without
lateral motion as a function of deflection with lateral
motion is 0.922 which is highly significant at the 99%
level.
In the above study, the actual independent variable
is the combination setting of the condylar and lateral
adjustment, and therefore these results are not sufficiently
conclusive to state that lateral motion can be completely
eliminated. Such a statement can only be made upon
completion of a study which shows a similar linear
relationship for a single condylar and lateral adjustment
setting where the reaction force 1s the variable. Such
a study would require the use of standard sample material
Whose force could be varied. Since such a material
would be indeed difficult to find, the second choice
is the use of sponge rubber of varying size which would
offer a variable resistance directly proportional
to its size. The use of different sample materials of
the same size in order to obtain a variable force is
another practical means of attaining the desired result.
It is apparent that there is no practical means of
achieving the desired result in an ideal mannero
FORCE EXERTED AS A FUNCTION OF TOOTH POSITION:
The action or Denture Tenderometer has been studied
in relation to the teeth used. In the studies involving
the errect or the position of the teeth in the moo th~
the one cubic centimeter sponge rubber cube was placed
between the dirferent opposing pairs of teeth, and the
reaction forces or the maximum vertical derlections on
the first bites of mastication were recorded for eaCh
pair, using a constant setting of condylar and lateral
adjustments. The procedure was then repeated for
different adjustment settings.
At any particular setting or condylar and lateral
adjustments, the entire denture moves as a unit. Different
relative movements will be imparted to different teeth
in the denture depending upon their positions. Further-
more, because of the dif'ferent areas and shapes of the
surfaces on the dirferent teeth, the recorded forces on
a standard test object will vary with the particUlar
pair of teeth usedo
Table no. VI gives the maximum reaction force of
standard sponge rubber cube to mastication on each
opposing pair of teeth in the Denture Tenderometer.
Figure no. 13 contains a series of curves showing the
effect of varying the position of placement in the
denture of the standard test object. The cube was
placed between all possible pairs of opposing teeth ..
TABLE NO. VI
o a One Cubic
MaximumBi tin
Human Mout •
Opposing Pair
o:fTeeth
Maximum Vertical De:flection (mm)
Lateral Adjustment Setting:
L:R=O
Maximum Average
Biting Force
(pounds)
Condylar
L=RIII+l.5
Condylar
L=+10
R:':Ia15
CondylarL=+15
&"'10
2nd Right Molar
1st Right Molar
2nd Right Bicuspid
1st Right Bicuspid
Right Cuspid
Right Lateral
Incisor
Right Central
Incisor
Le:ft Central
Incisor
Le:ftLateral
Incisor
Le:ft Cuspid
Le:ft 1st Bicuspid
2nd Le:ftBicuspid
Le:ft 1st Molar
Le:ft 2nd Molar
6,,1 rom.6.45.84.94.54.7
4.9
4.9
.5.02
506
509
7089.58.5
602
6.1
90 pounds
94
7958
3929
30
31
29
3959
79
105
110
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For a given condylar adjustment setting, the distinct
variation in recorded deflection as a function of tooth
position 1s apparent. The overall variation for a change
in condylar setting 1s also evident. The larger
deflections obtained on the left side as compared to the
right side arise because of the direction of sideward
displacement of the opposing teeth which remained
constant throughout the experiment. Sideward motion on
the downward bite was toward the cuter cusps ( a cusp
is a pointed vertical projection on the grinding surface
of the tooth) of the bottom teeth on the right side
whereas it was toward the inside cusps on the bottom
teeth on the left side. The Denture Tenderometer has
no provision for reversing the direction of this lateral
motion as does the human jaw.
It may be noted at this point that when food ie
mastioated wi thin the human mouth, the chewing takes
plaoe on only one side of the mouth for any series of
bites. The corresponding pair of opposing teeth on
the opposite side of the mouth acts to balance the food
being chewed. Thus, the use of just one side of the
Denture Tenderometer during testing procedures is
validated. However, the relationship of forces
obtained if other opposing pairs of teeth are used
is of in terest.
Also presented in Table no. VI is data indicating
the average maximum biting forces of two Australian
dental students (21 and 23 years old) whose teeth
were in good condition. Figure no. 13 shows a curve
of this maximum average bitmg force of the various
tooth pairs :In the human mouth. (Worner, 19390)
Although the curves for the Denture Tenderometer
and the human mouth arise from different sources ( in the
case of the Denture Teooerome'ter, deflection q.epends
upon the resistance of the test object to a force and
is not a maximum force exerted,) they are somewhat
similar in shape.
The platform or biting surface area is a consid-
erable source of the variation of maximum force with
tooth positiono (Manly, 1951.) Since tooth platform
area is the common feature of the two experiments, the
curves support the importance of dependence of biting force
on platform area.
It may be con 01uded therefore, that the Denture
Tenderometer by virtue of its mechanical movements,
denture surfaces and sensitive methods of force'measure-
ment can measure significant properties of small samples
of food. The ability to use different pairs of opposing
teeth in the bite enable the specific chewing habits of
the human being for the particular food under investigation
to be approaChed. (Proctor, Davison, and Brody, 1956a.)
MEASUR»1ENT OF PHYSICAL PROPERTIES OF RAW PEAS
BACKGROUND OF PROBLEM:
The value of obtaining aocurate measurements of the
physioal properties of peas' has been indicated above and.
is recognized by the food industry. The importance of'
the maturity index of a crop of peas, as a significant
indication of' its time of harvesting, its yield, and
its quality, is emphasized by the f'act that it may
serve as a basis f'or payment to the grower.
In the United States, three primary methods exist
which yield maturity values with high degrees of' sig-
nificanoe. These are the subjective test, the
alcohol-insoluble-solids content test, and the Canco
Tenderometer. The latter instrument, because it requires
considerably less labor and yields results more rapidly
than the first two tests (with which it gives a high
degree of correlation) has been adopted almost exclusively
by the pea canners in their grading operationso (Martin,
1937; Martin, Lueck, and Sallee, 1938 a and b.)
A distinct shortcoming of the Canco Tenderometer
is that it gives results indicative of only the average
value of maturity of' a sample of peas. uniformity of
produot, as affected by individual peas, is not measured.
For example, the disproportionate lowering of quality
by a small fraction of very mature peas is not correctly
Be
evaluated. (Makower, 1950.) Furthermore, satisfactory
calibration of the Canco Tenderometer has been difficult,
leading to uncertainty in comparison of results arising
from different instruments or even from the same
instrument over a period of time.
The Strain Gage Denture Tenderometer has shown
potentialities for correction of these difficulties
by its ease in calibration and ability to measure
individual peas with accuracy and precision. In this series
of studies, results have been compared with subjective
tests and with the Canco Tenderometer in an attempt
to determine the overall e:fflcacy of the Strain Gage
Denture Tenderometer in testing peas.
In these experiments, the Denture Tenderometer
force-time diagram, in which force was the vertical
deflection input and time was the horizontal deflection
input, was used. The vertical deflection on first bite
was taken as the measure of the overall physical
properties or maturity.
EXPERIMENTAL PROCEDURES AND RESULTS:
CANCD TENDEROMETER CORRELATION:
Since the past history and uniformity of raw peas
found on the open market in the Greater Boston area
are invariably unknown, and since a Canco Tenderometer
is difNcult to borbow during pea season and expensive
to purchase, the Strain Gage Denture Tenderometer was
81-
brought to a pea-packing plant ror evaluation and
comparison with the Canco Tenderometer.
The Gerber Food Company, in Fremont, Michigan,
packs strained and chopped peas, as well as pea soup
and variou s mixed chopped foods for babies. The bulk
of the peas are packed in late June and early July when
the vines in Southern MiChigan are ready £or harvesting.
The procedur e begins wi th a sampling of vines in the
field. The sample is brougat to the plant and vined
in a small viner. The pea sample thus obtained is.
tested in the Canco Tenderometer and on the basis
of the results, the harvest order is given. The
instrument used was manu£actured by Food Machinery and
Chemical Corporation Serial No. 1~247 located at the Gerber
Fremont plant.,
The peas are harvested by mowing the vines and
loading on trucks then brought to a vining station located
at a central point with respect to the farms. The
vines are manually unloaded into a viner which beatp
the peas £rom the vines and places them in screen-bottom
lug boxes. The lug boxes are stacked on skids in trucks
and transported to the receiving station located in
the cold storage warehouse or the plant at Fremont.
The loaded skids are removed from the truck by lift
trucks and transported to a screening device. The
lug boxes are manually unloaded into the screening
machine am then 1'41into a cart large enough to
hold an entire skid load, or one unit of a farm's
harvest.
The loaded carts are transported to a weighing
station, the peas are weighed and a sample is taken for
an immediate Canco Tenderometer reading. The cart may
then be taken to the plant for processing or iced down
and placed in a refrigerated room far use during the
next 24 hours, if more peas are entering the plant,
than the lines can handleo The Canco Tenderometer
reading obtained initially at the weighing station is
used as a basis for paying the fanner, and as ~ basis
for packing i1'the peas are taken into the plant
imnediately. 11'the peas are iced, an additional
reading for the pack is taken just prior to entry into
the plant. Except when the pea~ are iced, no more
than 12 hours elapse from harvest to final Canco
Tenderometer reading.
The sampling procedure for the Canco Tenderometer
varies depend ing on the number of personnel present and
the speed of the unloading operation. Ideally, a
small metal box should be placed under the screening
device at periodic intervals during the loading of a
cart. Generally, however, the metal box is filled at
one time during the loading operation and a sample tor
the maturity reading is drawn trom this box. When
8,L>J
high speed is required, this box is eliminated and the
sample is drawn directly from the top of the cart at the
weighing station. In general, two samples are takEn,
tested in the Tenderometer, and averaged for the final
reading. However, when speed is of the essence, only
one sanpIe is taken.
The sample size is about one cup or about 4 to 5
ounces of peas or perhaps 150 peas. The total population
size is abou t 15 cubic feet weighing several hundred
pounds.
The Strain Gage Denture Tenderometer was set up
-in the Canc 0 Tenderometer area so that samples wer e
readily available. Samples for the strain gage instrument
were taken from the same place as were samples for the
Canco instrument; i.e. from the metal box, from the
top of the load, etc.
'Out of a sample of about one cupful taken, five
uniformly sized peas were selected at random and placed
on the left first molar of the dentures l-hichhad
already been placed in motion to obtain a free run
reading. A picture of the deflection of the spot on
the cathode ray oscilloscope was taken. A total of
five peas from each sample lot we~e tested.
It was recognized that a far larger sample than
five peas would be necessary to obtain a representative
sample. The approximately 150 to 300 peas used in the
Canco Tenderometer are coosldered the bare minimum
8<;..
necessa~ as a representative sample and even this is
unsatisfactory to many persons in the industry. However,
the testing 01' a sample of this size in the strain gage
instrummt would require about two hours, and during
these two hours, even at rei'rlgerated temperatures,
the peas would gradually increase 1-3 Canco Tenderometer
grades in maturity. Therefore, it was deemed advisable
to take large numbers of sample lots rather than large
number 01' peas from sample lot since over a long
period of time, sui'ficlent data i'or any single Canco
Tenderometer rating could be obtained without the
influence of variation with time.
At the conclusion 01' the tests, about 130 lots of
peas had been tested by the stram Gage Denture Tender-
ometer. The deflections on i'irstbite were measured as
the indices of maturi ty. The data thus obtained is
indicated in Table no. VII. The first column is the
absolute Canco Tenderometer reading in pounds pressure
required to shear the peas. '.!hesecond column is the
numberical rating given to the peas by the Gerber Foods
company on a scale of 0-100 is 0, 101-110 is 1, 111-120
Is 2 and so on to 191-200 is 10. The third column is a
modified Gerber rating chosen so as to make the data
more convenient to use: 0-100 Is 1, 101-110 is 2, etc.
The last column Is the strain Gage Denture Tenderometer
Def1ecti OD.
8S
TABLE NO. VII
Deflections on the Strain Gage Denture Tenderometer Compared
to American Can Tenderometer Readings ror Peas.
American Can Gerber Rating Modified Strain Gage
Tenderomet er Rating TenderometerBeading Reading
98 0 1 8.4 rom.
70 10.7
90 10.4.
92 8~480 904
93 9.0
102 1 2 7.5108 11.3100 10.9102 10.4
116 2 3 1009
114 1003
117 11.8
118 9.0118 11.2
110 10~4112 10.7112 9~9118 10.5118 12.2
115 8.4113 1105117 1005
122 3 4 13.5127 11.9
120 9.2
120 9~7
123 13iJ6120 907126 1006
129 1401126 1107
124 9-09123 12.4128 10.0
126 9.5
Table No. VII Continued
8./'";'
American Can
Tenderometer
Reading
123
125
123
128
123
121
125
130138138
136
135
134137
130136
130
134138
136138
138
133133
133136
138
130
136136
131
130
131130
133130
130
138
132
134131
Gerber Rating
4
Modi1'ied
Rating
5
strain Gage
Tenderometer
Reading
11.1
1103
11.9
1106
10~2
1105
1009
11.9
14.3906
12.6
10.8
11.0
11.4
12.49.7
12.3
13.413.8
10.49.413.4
1000
12.6
1248
1207
13.3
10.4
1206
12.6
809
11.00
9.0
1101
11#5
1302
13048.8
9.11i.5
1006
Table Noo VII Continued
American Can Gerber Rating Modified Strain Gage
Tenderometer Rating Tenderometer
Reading Reading
131 10.2
134 1001135 12~2136 1100138 12~0
138 13.9138 1205
148 5 6 1108
147 13.6
147 13.6
140 13.1
-145 10.8146 12.3
140 14.1
145 17.9144 12.4146 12.5
140 905
140 13.5
143 11.5142 11.7
147 9.9
147 12.2142 11.0
142 12.4
147 10.5
145 9.2149 1306140 14.•1
150 6 7 13.4152 131»5152 10.8
155 14.5155 1403157 1107
157 10.4155 11.7
154 12.8150 14.4152 14.2
BE-
Table No. VII Continued
8S
American Can
Tenderorneter
Reading
154159156
155155
160
160
164163
162
168
160
165
160
160
164
Gerber Rating
1
Modified
Rating
8
Strain Gage
Tenderometer
Reading
111.4
12.0
10~0
140614.1
Because of'the very wide variation between
individual peas of'any sample of'sample lot, a wide
dispersion of'def'lections was expected f'oreach Canco
Tenderometer rating. However, an arithmetic average
of the deflections f'or each rating would be expected to
show my correlation present between the Canco and strain
gage instrumenti.
Table no. VIII Shows the averages f'orthe def'lections
rounded of'f'since the defiection can only be read to
nearest 0.5 nm., and the standard deviatlons around the
mean to indicate the dispersion of'individual values
about the mean. Figure no. 14 shows the data obtained
in the comparison tests of the Denture and Canc.o Tender-
ometers. Each point shown represents the arithmetic
means of ,an average of about 20 Canco readings and about
100 Denture Tenderometer readings. Standard Deviations
are given for eaCh point on both coordinates to indicate
the dispersion of' individual values about the mean. The
standard deviations are shown to indicate the spread of
values obta:J.nedwith both instruments, and is not an
analysis of'instrument precision. The latter can be
valid only when samples of'known constant input are
used. This was done prevjously with the Denture Tender-
ometer.
9(.
TABLE NO. VIII
Average Deflections on the strain Gage Denture Tenderometer
Compared to American Can Tenderometer Ratings for Peas.
American Can strain Gage Denture
Tenderometer Tenderometer Average
Modii'ied Dei'lections with
Ratings Standard Deviations
1 902 + 1.12 mm.
2 10.0 ... 1.95-
3 10.1 + 0.76
4 1104 :t 0.69
5 1105 t 0.49
6 12.5 f 0.84
7 12.8 .t 0.83
8 13.6 :t 1.0
91.
COEFFICIENT OF CORRELATION = 0.99
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CANCO TENDEROMETER RATINGS (MODIFIED)
FIGURE NO. 14
Correlation or Denture Tenderometer
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A good linear correlation was obtained for the two
instruments; the calculated coefficient or correlation
is 0.99, significan tat the 99% level. Two significan t
features are evident from this experimEl'ltalwork. ~ere
is a close correlation or the two tenderometers with
respect to the mean vames of large sample8. This
indicates that the Denture Tenderometer gives in~ormation
on raw peas Which is significant in quali~ determination
since the Canco Tenderometer has been previously validated
with respect to several inportant quality indices of
raw peas such as subjectiva evaluations am alcohol-
insoluble-solids content. Conversely, the Canco Tenier-
ometer is validated since it is shown to give results
which are of significance in comparison to a mechanical
process of human chewing (i.e., the Denture Tenderometer)
which has been separately validated by subjective tests.
(see below.)
The large ranges of vaues obtained by the Denture
Tenderometer in a given sample must be interpreted as
being due largely to the variations of individual peas
in the sanple, since individual peas were measured
and the range of'vUues obtained far exceeds the 1imits
of error due to instrument precision as previously
indicated. (Proctor, at 81, 1955.) (The ef'fectof
unit size was el~inated by choosing peas of comparable
size.)
The corr esponding ranges of values obtained with
the canco Tenderometer are small er in every case with
the exception of grade one. (This grade represents 100
force units rather than the ten force units represented
by the other grades.) This disparity is considerable and
leads to the conclusion that the Canco Tenderometer
by its use of large samples gives a mean val ue of
coo siderable significance in regard[~to overall average
quality but tends to obscure variations of individual
peas in a sample.
As far as pea testing is concerned, the design of
the Den'ture Tenderometer is adapted for research purposes.
The instrument requires the use of skilled personnel and
cannot perform measurement s with great speed. Nevertheless,
the principles involved may be used for the design of
practical instruments for the testing of specific foods.
This may be accomplished by u~ing only those motions
and dental surfaces found to be or importance for the
epecific food and operating these in a continuous arrange-
~~nt which handles a large number of units in a short
time, by automatic feeding and self-cleaning mechanisms.
The reaul tan tins trument could thus gi ve rapid ind1 cation s
of both average quality and uniformity of the product.
(Proctor, Davison, and Brody, 1956 b.)
CORRELATION OF STRA IN GAGE PEA TENDEROMETER:
Using the principes indicated above, 8Dc:instrument
called the Strain Gage Pea Tenderometer was designed
which utilizes the basic masticatory motion and
dental surfaces of the Denture Tenderometer, but which
operates semi-automatically, receiving and chewing peas
one at a time, recording the physical properties in
digital fonn and cleaning itself after each single bite.
(Davison, Brody, Proctor, and Felsenthal, 1957.)
A representative sample of peas is placed in the
feed mechanism which feeds peas one at a time to a two
molar masticating unit. The resistance which the pea
offers to tb. e chewing is r erlected as a change in
strain on the masticator's main drive shaft, which,
in turn, is sensed as a change in resistance by a
bonded wire resistance strain gage af'fixedto the shaft.
The change in strain gage resistance Is amplified
sufficiently to energize a counter mounted on a digital
board containing ten such counters. The relative
physical resistance to chewing determines which counter
will register a count. The less resistance offered or the
less mature the pea, the lower the counter energized and
viee versa.
The unit is designed to receive peas individually
at the rate of 20 per minute, chew them one at a~-time
between two pairs of opposing molars, and clean itself
out after each bite so as to be ready for the next pea.
The reaul ts indicated on the digital board thus
represent of distribution of reaction forces of peas to
mastication or a picture of the uniformity of maturity
of the individual peas in a large sample.
In!tial ca.l..ibration studies were carried out to
.determine the setting of the gates to the counters
or theelectronic equivalent of the levels of maturity
of the individual peas which will cause each counter to
register a count.
Peas for the tests were supplied by Baxter Company
of Brunswick, Maine; Snowflake Canning Division, Hartla~d,
Maine. The peas were field ron, vined in the mechanical
viner, (but not processed any far%her) on the same
morning as they were picked. They were placed in polye-
thylene bags which held about two pounds of peas each, sealed
wi th cellophane tape, placed in a cardboard box and
flown to Boston by air express arriving at Logan airport
within three hours of picking. The temperature of the
peas on arrival in the laboratory, about four hours after
picking was 50oF., indicating a relatively small
change in maturity index from harvest to testing.
The basic experimental procedure was to test
100 peas in the Denture Tenderometer using the maximum
vertical deflection on the first bite on the force-time
figures as the.maturity index as indicated above for
the Canco Tenderometer tests. Simultaneously, 100 peas
or..~U.
from the same sample were tested in the Pea Tenderometer
using as an index of maturity distribution both the
results indicated on the counters and visually observed
pulse heights measured on a cathode ray oscilloscope
in parallel with the input to the digital board. One
hundred unit samples of both random sized peas and
selected uniform sized peas of about 10 millimeters
maximum dimension were tested in both instruments in
separate tests. While one hundre~ units may be in-
sufficient to give accurate results (Mitchell and Lynch,
1956.) this number was relatively convenient to handle
and gave reproducible results.
The results from the Denture Tenderometer were
compared to those from the Pea Tenderometer and both
results were averaged and compared to Canco Tenderometer
results, Alcohol Insoluble Solid's Content results, and
canned product grade scores furniShed by the Baxter
quality control staff.
Only the first eight counters were operative during
the first of the three series of studies. The first
series, in addition to serving as a means of setting the
gates, also Showed many of the Pe~ ~nderometer defects
which were corrected prior to the last two studies whose
results were more significant than those frcm the
first.
8~•
The results or the tests a~e summarized in Tables
no. IX, X, and XI. The results of the selected sizes
or peas are graphically depicted in the form of di-
stribution curves in Figures no. 15,16, and 17.
The Denture Tenderometer experimental procedure
included tests on samples or 100 units each varying the
condylar settings so as to lessen the distance between
1ert first molars at minimum spacing. There were
insufficient tests to show a significant correlation of
these Denture Tenderomter results to the Canco results,
but the magnitudes o~ the three results are in the same
directions as are the Canco ratings.
Both randbm and selected sizes of peas were tested
in these three series in order to establish a correlation
between the random size results and those for the
selected sizes. As indicated above, the original Canco
Tenderometer versus Denture Tenderometer correlations
were performed on peas of selected uniformly large
sizes. Accordingly, only the results on the selected sizes
of peas during these three series were used for correlation
studies.
Using conventional practice, the maximum vertical
deflection on the ~irst bite, of the force-time diagrams
was recorded for each of the 100 peas in a sample.
The entire mass of data was corrected for meChanical and
electronic variations from the original Canco Tenderometer
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correlation studies and the equivalent derlections
were used ror the statistical analysis. The overall
100 unit averages or these derlections for the selected
sizes were used ror comparison with the Canco Tender-
ometer data sent by the packer.
Examination or these averages and or Figure no.
14, the curve exp~essing Denture Tenderometer average
derlections as a fUnction or Canco Tenderometer
ratings, shows a close agreement or average Denture
Tenderometer derlections of selected sizes of peas to
the Canco Tenderometer rating. It might be pointed
out here that average results obtained for random
sized peas were in fairly good agreement astar as
directions of results were concerned, but again, three
tests were insurricient to establish signiricance.
In order to obtain the distributions or maturities
or the individual peas, the minimum individual deflection
in any series was subtracted from the maximum derlection
in order to get the total range of deflections. The
total range was then divided by the number or categories
it was desired to establish which was equivalent to the
number of opera t:t ve counters on the Strain Gage Pea
Tenderometer during any test series. Eight counters
were operating during the first test series and ten
countersduring each or the other two series. The
quotient was the minimum range of maturity categories
or individual deflections indicated by the Denture
Tenderometer.
Using the minimum range and beginning with the
smallest deflection in any series, the maturity
categories were calculated ~ adding the individual
range value to the lowest deflection to obtain the
first catego~, addi-ng the range to the upper limit of
the first category to obtain the second and so on to
the top category.
The indi vidual defl ections for each sample of 100
peas were then examined and the number of peas having
deflections falling between the upper and lower limits
of each maturity category was counted and recorded. In
this way, a distrib~tion of maturi ty indio es of indi vidual
peas in a sample of 100 units was obtained. The process
was repeated using slightly larger ranges and the
best distribution was selected for analysis. These are
the data in Tables no. IX, X, and XI. As a matter of
interest, the distribution data for random sizes of pea
has also been recorded.
Simultaneously with the Denture Tenderometer tests,
individual peas of both selected and random sized lots
were fed to the Strain Gage Pea Tenderometer, and the
distribution of maturities were recorded from both the
counters and cathode ray tube pulse heights. Temporary
defects in the Pea Tenderometer's differential discrlm-
inator (also known as a differential pulse height analyzer
or, more generally, as an analog to digttal converter)
TABLE NO. IX
Distribut1.on of Maturit of Peas as Determined b the
strain Ga e Denture Tenderometer and the stra n Ga e
Pea Tenderometer - Test Ser es No.1
Canco Tenderometer Rating: 103, 101, 104, 104, 103; Ave. 103
Alcohol Insolu~le Solids Content: 10.95%, 1103%; Ave. 10.99%
Canned Sample Score: 47 (6% sinkers in 11% brine)
Denture Tenderometer Average Deflection: 10008 rom.
Distributi9n Data
Number of Peas in Each Maturity Category in Sample of
100 Peas.
Maturity
Category Random Sizes Selected Sizes
Denture Pea Denture Pea
Tenderometer Tenderometer Tenderometer 'Tenderometer
Count-Pulse Count- Pulse
ers Heights ers Heights
1 12 50 41 16 33 222 27 32 37 27 27 31
3 30 6 17 27 12 32
4 22 6 1 15 16 10
5 4 4 2 10 3 1
6 4 2 1 1 11 2
7 0 2 0 3 2 2
8 1 1 1 1 2 0
TABLE NO. X
Distribution of Maturity of Peas as Determined by the
Strain Ga e Denture Tenderometer and the Strain Ga e
Pea Tenderometer - Test Ser es No ••
Caneo Tenderometer Rating: 120, 122, 123, 116; Ave. 120
Alcohol Tnso1uble Solids Content: not done
Canned Sample Score: 44 (20% sinkers in 11% brine)
Denture Tenderometer Average Deflection: 11.0 Mm.
Distribution Data
Number of Peas in EaCh Maturity Category in Sample of100 Peas.
Maturity
Category Ra.l1domSizes Selected Sizes
Denture Pea Denture .PeaTenderometer Tenderomet er Tenderometer Tenderometer
Count-Pulse Count-Pulseers Heights era Heights
1 9 .1.5 11 8 4 92 23 24- 22 24 28 163 19 28 35 19 23 30
~
18 10 4 19 21 1715 8 12 14 13 186 a .5 7 7 6 7
7 .5 .5 3 3 2 18 2 2 3 4 0 29 0 2 1 2 0 010 1 0 2 0 0 0
TABLE NO. XI
Distribution of Maturit~ of Peas as Determined by the
Strain Ga e Denture Ten erometer and the Strain Ga e
Pea i- Ten erometer - Test SetH.esNo ••
Canoo Tenderometer Rating: 112, 117, 112, Ill, 109; Ave. 112
Alcohol Insoluble Solids Content: 10.7%, 15.1%; Ave. 12.9%
Canned Sample Score: 42 (33% sinkers in 11% brine)
Denture Tenderometer Average Deflection: 10.5 rom.
Distribution Data
Number of Peas in Each Maturity Category in Sample of
100 Peas.
Maturity
Category Random Sizes Selected Sizes
Denture Pea Denture Pea
Tenderometer Tenderometer Tenderometer Tenderometer
Count-Pulse Coun~ Pulse
ers Heights ers Heights
1 16 6 4 l~
2 12 33 20 11 9 43 25 22 22 17 12 13
4 9 18 18 20 16 10
5 7 16 19 19 9 13
6 8 11 13 10 14 14
7 1 5 7 6 9 118 0 1 2 4 6 99 0 2 2 2 6 310 1 3 2 0 7 9
necessitated the use of,the cathode ray tube pulse
heights to obtain more accurate distributions than
could be obtained from the counters.
Preliminary tests on small samples of peas
indicated that the gate settings of the counters were
3 volts and the differential was the Bame between each
of the counters. The tabular counter resu~ts are those
obtained using gate settings of 3 volts beginning at
3-6v on counter no. 1 with an upper gate of :3Qv. and
above (the upper counter will thus register all peas
falling into the 30-33v category as well as any that are
more Im ture. )
In these series of tests, the Denture Tenderometer
was used as the standard measurement of distribution.
Such an assumption has been previously validated.
(Proctor, Davison, and Brody, 1956 b.)
The distribution data on test series no. I are, of
course, of relatively little significance 1'01' comparison
because only eight maturity categories were useQ.
However, it may be noted that great discrepencies
exist between Pea Tenderometer and Denture Tenderometer
maturity distributions for random sizes of peas. There
is a much closer agreement between the di stributions of
pulse heights and Denture Tenderometer deflections of
selected sizes of peas. The defects of the relay-
operated counters during this series are apparent from
the discrepencies between pulse heights which are a true
index of pea maturity, and counters.
In both series nos. 2 and 3, the distributions
obtained for random sizes of peas by all three
techniques show considerable differences, a result
which was not unexpected since the literature has
indicated such data. (Martin, 1931; Martin at aI, 1938
a and b.) Measurements of pea sizes of the field run
peas by means 0 f a template di vided into ten size
categories in order to determine the distribution of
sizes of peas gave distribution curves which were
mirror images of the maturity distribution curves.
This indicates that large sized high quality peas are
indeed possible, but also that there is a wide
difference between sizes of individual peas. Since
unit size is of significance in Denture and Pea
Tenderometer resul ts, the anomalies of the random
size distributions are explicable. Some of the
literature indicates that a size dlstribu tion is a good
index of maturl ty distribution, but this work invalida tes
that assumption. (Mitchell and Lynch, 1956.)
However, the agreement was good between distri-
butions of matua ties of selected sizes of peas as
measured by the three techniques. Further, the agree-
ment in series no. 3 is better than in series no. 2
due to electronic circuitry improvements. More sig-
nificant is the very close agreement between pulse
height and ccunter distribution on series no. 3 indicating
that the counters were by this time operating accurately.
It migh t be of some interest to present the approximate
equivalent Caneo Tenderometer ratings of the maturity
categories of series nos. 2 and 3: Category 4 is equivalent
to a Canco rating of 105-120; category 5, 120-135;
6, 135-150; etc., from categories 1 to 10.
The most significant feature of the distribution
data is the sharpness of the peaks obtained in the
earlier test series ~ich is indicative of high
uniformity of product. The :final test series has a
flatter peak indicative of a lessening of product
uniformity as the season progresses. This is in
agreement with the qualitative observaticns made by
the quality control staff of ~he packer whiCh showed
an increase in the number of mature peas rejected in
the brine flotation apparatus late in the season.
(Cyr, personal communication. 1956.) Another significant
result is the extremes of range of pea maturities
revealed, and the consequent great averaging factor in
the Caneo instrument.
The Strain Gage Denture Tenderorr.eterwas thus
used to calibrate and then validate the general
operating principles of the strain Gage Pea Tenderometer.
The absolute data obtained, that of maturi ty dis tribution,
shows considerable promise in giving significant
information on the uniformity of large samples of peas
to pea packers.
SUBJECTIVE TEST CORRELATION:
Although the original purpose of this study was as
a subjective validation of the Denture Tenderometer with
peas as so example of a specific food, the data 18
extremely signifioant from the point of view of the
commercial pea packer. The peas used included the
fresh, canned, and frozen form. In some eases, they
were treated in different ways in order to obtain a
comprehensive scope of values for the subjective-
objective comparisons. These treatments included
storage at refrigerator temperature for periods of
time up to three weeks, cooking for various periods
of time up to 10 minutes, and partial drying for
several hours at 85-90oF. The object was to obtain
peas of varying degrees of reaction forces as determined
by the Denture Tenderometer. On each test day, the
sample was prepared, divided into two equally sized
portions and held at refrigerator temperatures of
36-40oF~, for a surfiolent time to allow the peas to
reach that temperature range in order to prevent any
variation of reaction forces arising from varying
temperatures. Subjective and objective tests took
place about one hour apart with each serIes of tests
requiring approximately one hour to perform. For each
objective test, 72 peas of'approximately equal size
were used for readings. Again, the ma~_mum deflection on
first bite of the force-time diagram was the maturity index.
Both the subjective an~ objective tests were
performed en peas at temperatures of 36-40oF. For each
day's tests, 24 members of the panel comprising staff
and stooent s of the Department of Food Technology,
Massachusetts Institute of Technology, were used. Insofar
as possible, the same personnel was used each day with
the objective of making a large analytical type panel
which could be considered a standard pea measuring
instrument. However, since it was not always possible
to have the same people :for each day's tests, the panel
could not be considered trul y analytical al though it
may be assumed to be a trained panel.
In order to increase the total number of evaluations,
each panel member was given three samples, each containing
5 to 10 peas randomly selected from the prepared sample.
(This, of course~ introduced an error Which was later
found to be submerged in subjective variations.) The
samples were separately coded, and the judges were
to1ti that the samples were not necessarily different.
Biological variations of properties of individual peas
in any given sample were evident, and the panel members
were told to chew as many peas as they required to
form an average opinion of score. The normal biological
variations of individual peas were therefore included
in the r esul ts, as they are in the objecti ve tests •.
Each panel member was instructed to rate the peas
for tenderness (or toughness) on an II-point hedonic
scale numbered from 0 to 10, ignorir,gtaste and aroma
characteristics. The suggested criteria of points on
the hedonic scale ranged ~rom 10-so~t, like an olive
to 0 -.hard, like a peanut. The intermediary scores
were 9 - extremely tender or immature, 8 - very tender,
7 - tender, 6 - sligntly tender, 5 - acceptable, 4 -
slightly starch or tough, 3 - ~airly tough, 2 - tou~ or
starch, and 1 - very tough or mature. Panel members were
instructed to give scores above 10 or below 0 i~ necessary
for correct evaluations.
The 0 and 10 standards of'peanut and olive were
chosen at the outset of'the work so that the judges
would have anchor points f'orscoring and would not have
to rely on memory which could lead to a sliding scale
producir:g add!tional varia tions betwee the same members
on dif'f'erentdays. Therefore, each member of the panel
was given, in each test, one salted peanut and one
pickled olive, eaCh taken from a freshly opened comm-
ercial pack of the same lot.
Althougp members of the panel were not instructed
how to chew the peas, if they did request the information,
they were told to perform their normal masticatory
~unctions, using the molars. An inf'ormalpoll at the
conclusion of the tests indicated that this occurred in
the majorit y or cases. Sin ce each of the 24 panel
members was given 3 samples and requested to mark three
scores, a total or 72 scores were obtained for eaCh
sample lot.
Seventy-two peas of approximately equal size were
randomly chosen :fromthe same sample and tested wlth
the Denture Tenderometer whiCh was set at condylar
adjustment, L • R = + 15 and lateral adjustment, L = R = o.
These settings produced mot ions regarded as reasonably
close to those used in the chewing of peas.
Table no. XII shows in tabular form and Figure no.
IB shows in graphical form the data obtained in the
comparison tests of the Denture Tenderoroeterwith a
subjective panel. Each point shown represents the
arithmetic mean value with the standard deviation of
the mean given to indicate theclispersion of individual
values armnd the mean. A good linear correlation is
obtained; the coefficient of correlation is round to
be 0.96.
Two main interpretations of these results may be
made.
(a) With the exception of the points at the lower
left-hand corner which represent cooked peas, the range
limits of values about the mean obtained for a given
sample do no difrer~great1y between the Denture Tender-
ometer and the subjective evaluations. A portion of the
TABLE NO. XII
Correlation or Denture Tenderometer Readin with Sub ective
Panel Results or Peas.
Denture Tenderometer Subjective
Derlections Standard Subjective Standard
Deviations Scores Deviations
15.97 .t 4.5 mm. 4.06 i 1.8517.22 4.74 4.06 1.8420.40 5.02 3.54 1.6720.40 4.11 3.44 107918.45 4.27 3.60 1~5919..95 5.41 3.47 1.4118.45 4.46 3~53 1.6419.75 4.16 3.17 104421.70 5.20 3.40 1.4121.50 4082 3.57 104921.20 5043 3.10 1.6321.90 5.43 3.02 1.7622.40 501f;> 2.75 108424.30 5.61 2035 105627.30 4.66 0.96 1.5023.80 3.84 1.71 2.082.80 0.74 9.30 20194.65 !lo60 8.30 1.93
3.66 0~98 8.23 2.25
2.60 0.69 8.73 2.38
13.20 4.14 4.13 1.80
12.00 3.23 4.60 10739.44 3.16 5.33 109412.30 3.65 i:4~ 1.948050 4022 3015
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range or subjective values is possibly due to
human error and not to intrinsic variations in the
peas. 1he exact extent of this portion is not known,
but evidently it does not greatly exceed the inherent
pea variations when such variation is appreciable (as
it apparently Is for raw peas.)
(b) In the case of the cooked peas, represented
by the point s in the lower lert-hand corner, the
variations in pea maturity are very small, indicating that
the Denture Tenderometer is unable to detect variations
within samples of cooked peas. This is in agreement
with previous investigations which indicated that
cooking tended to even out variation in physical
properties of ,raw peas. (Martin, Lueck and Salle~
1938 a and b; Makower, 1950.) However, the ranges of
subjective evaluations for 'the same peas are considerable
in comparison, although the dispersions are of about the
same magnitude as those found for raw peas. (Proctor,
Davison, and Brody, 1956 b.)
The results on the ~nture Tenderometer have shown
a high degree of correlation with subjective panel results
and with the Canco Tenderometer. One of the outstanding
advantages of the Denture Tenderometer shown in these
tests is the ability to test individual peas and thus
give a picture of uniformity as well as average quality.
i1u€
THE FORCE ...PENETRATICN FIGURE
It has been stated above that the message received
by the brain from the nerve endings in the jaw muscles
and fleshy portion s of 'themouth during chewing which
are interpreted as the subjective masticatory properties,
is force as a function of penetration or spacing between
the teeth. (Klatsky and Fisher, 1953) If a continuity
of motion existed in the chewing process, the foree-time
transmission would serve equally well, but in many cases,
continuity is interrupted by an increase of force required
to deform a food with no concurrent penetration until a
set vaLue of this force has been exceeded, a process which
takes a finite time with most roods. This is, or course,
due to the plastic nature of the foods, which is well-
known in rheological studies. In addition, many foods
display the non-Newtonian characteristic of non-linear
strain response to stress. These properties are commonly
found in the rigid-appearing fluid foods which may be
tested in the Strain Gage Denture Tenderometer. Such
foods fall into the common subjective classification of solid
foods, even though they may be plastic, pseudoplastic,
thixotropic, or dilatant. Into this grcup fall virtually
all cooked foods, gels, bread, cake, cheese, etc.
Another group of foods which displays the same
plastic characteristic or refusal to straln until a
specific stress value called the yield value has been
exceeded are the truly rigid or solid foods such as
nuts, cookies, apples, pears, raw potatoes, etc. Here
again the force applied must exceed a set value before
there is penetration, and again the time required for
the increase of force is finite.
It becomes immediately apparent that a figure
expressing force as a fum tioD of time would have
little value in being interpreted in the same terms
as the brain would do. It is equally clear that the force
as a £Unction of penetration figure could be interpreted
as the braln would do. In the Strain Gage Denture
Tenderometer the sensing element is the masticating
mechanism equivalent to that found in the mouth; the
input transducer of force is the strain gage, equivalent
to the oral nerve endings; the input transducer of
penetration is the position transmitter, also equivalent
to nerve endings, but those in the jaw muscles. The
modifier in the objective instrument is the cathode
ray oscilloscope which visually depicts this function; its
human equivalent is that portion of the nervous system
where the nerve impulses transmitting force are intermixed
with those transmitting penetration. In the human analogy,
this information is sent to the brain Which feedsback to
the mouth either to adjust the masticatory force or to
speak and express a linguistic interpretation of the
sensation. Thus, in instrumental terms, the human
mouth 1s tileoutput transducer.
In the objective measurement, the "brain" again
takes the same force-penetration function as conventionally
would be about to enter the human brain, but interprets
this function from an oscillographic photograph. This,
of course, seems to be an extra and ve~ much unnecessary
step, but when one considers the enormous variations
between human masticatory motions, nerve impulses, and
subjective variations in interpretation, the use of.a
standard masticatory motion and electrical signal
becomes apparent. The problem of a si~le subjective
interpretation of a function is overcome by having this
accomplished by a large group of people whose results
are averaged in order to normalize the variat1.ons
between different individuals, between different
individuals at different times, and between the same
individual at different times. The Strain Gage Denture
Tenderometer has thereby simulated the human system
for commercial purposes by averaging the human masticating
mechanism, standardizing its nervous system, and then
applying a many-brain interpretation to the data obtained.
'.!hepurpose of this elaborate system is to minimize human
error.
Once having attained this ideal interpretation of
the force-penetration function, the commercial food
manufacturer has quantitative measures on Which to base
his product so that his produce meets the average
human specifications when first produced, and throughout
its storage life until it is eventually consumed.
FORCE-PENETRATION DIAGRAM DESCRIBED:
Figure 10 b and its associated text above showed
and.describ ed how a farce-penetration figure was
recorded on a photographic film. Figure no. 19 shows
the force-penetration figure in greater detail. The
vertical ordinate is force and the horizcn tal abscissa
is penetration or spacing betwem the teeth. 'Ihe
extreme left of the figure represents maximum opening
or distance of the teeth equivalent to the human mouth
being fully open. The extreme right represents the
minimum spacing between the teeth which in the human
is 8. light restmg touch of bottom teeth against top,
but in the mechanical represents a finite distance
between upper and lower teeth.
The bottom loop from point A to point B and back
again, by path 1 from left to right and by path 2 from
right to left, represents free run or output with no
food between the teeth. Path 1 is the response when
the dentures are coming together or the mouth 1s closing
and path 2 is the respom e when the dentures are moving
w CD
FIGURE NO. 19
Symbolic ~orce-penetratian figureo
apart or the mouth is opening. It is to be noted that
the loop is not horizontal but rather, it is tilted
indicating a slight non-linearity of instrument strain
sensitivity, i.e., there is more output when the dentures
are OPED. Further, the closing or bitmg down path 1
differs from the opening bite up path response due to
the ef.fectof'gravity. This added :forceassist:lngthe
bite down creates a greater strajn in the beam and a
higher :fQrceis registered. Thus, different amounts
of work are required to open and close the jaw. The
free-run curve is the zero to which the actual sample
measurements are referred.
The sample is placed on the lower dentures when
the mouth is f'ullyopen. The upper denture ~hen begins
its do~ward travel or bite down, meeting no resistance
for a .finitedistance, and thus causing a repetition of
bite-down free-run for a short time. However, when the
upper denture makes contact wi th the sa~le, it meets
resistance which is transmitted through the mechanical
linkages as strain and registered at the output transducer as
a :forcedeflection. This is point C or the point of
contact of teeth and sa~ple.
As the upper denture penetrates into the sample
more resistance is met and the force output rises along
path 3 until the force reaches the maximum required to
break through the food at point D. The upper denture
at this time has usually not reached its maximum point
of travel, the mi.tdwwnspacingbetween the teeth, and so
it continues on path 4 sti11 meeting resistance from the
deformed sample. However, the sample offers less resistance
because of its loss of integrity. The bite-down curve
continues until the dentures reach point E, the point of
maximum penetration at which there is minimum spacing
between the teetho
The action of the mechanism at this point is to
start the upper denture on its re~urn trip to the fully
open position. This is path 5 from point E to point F,
the point of loss of contact with the food. The bite-
up curve does not involve an abrupt drop to zero for most
foods because the food exerts force on the upper
denture until actual loss of oontact at point F. This
is due to the elastic Character of these foods, because
of which the foods recover somewhat from the deforming
force and exert a force, in this case upward, opposing
the deformation. This force, which is exerted on the
upper denture while they are opening, is not negligible
for most foods.
At point F, the upper dentures lose contact with
the sample, and there is no longer any force assisting
or opposing the upward denture motion. The bite-up
curve then follows the bite-up portion of the free-run
loop along path 2 to point A.
FORCE-PENETRATION ANALYSES:
The first step in the quantitative analysis of the
force-penetration figure was to prepare such diagrams
for a variety of foods and to examine than. The prep-
aration procedure has been described above. The samples
vere prepared from several different types of foods:
sausages, raw potatoes, broiled steak, raw steak,
canned IriSh potatoes, raw apples, canned apples, cheddar
cheese, raw carrots, raw celery, white sandwich bread,
toast made from this bread, hard-boiled egg whites,
hard-boiled egg yolk, raw peas, raw peas Which had
been cooked vaying lengths of time, cooked carrots,
canned beets, canned peaches, peanuts, almonds, milk
chocolate, candy bar (chocolate covered, nougat-caramel
centel',)process cheese fOod, sharp cheddar cheese,
grating cheese, and boiled potato.
The procedure involved was to cut sample cubes of
various sizes ranging from just above the minimum
spacing between the teeth to a size which would just
f1t between the teeth in the fully open posi tion. The
sizes selected were cubes ~ em., 3/4 em., 1 em., Ii em.,
and 2 em. on a side. The first significant resUlt of
this work was the discovery of a positive linear
relationship between sample size and force output which
must be standardized before quantitative significance may
be attached to the measurements taken from the figureso
The electronic sensitivity was varied so that
regardless of sample size; the vertical deflection on
the force-penetration diagram remained visible on the
photograph. It was observed that changing electronic
.sensitivity would cause certain variations of some of
the measurements taken from the rigures and thus studies
requiring complete diagram analyses should be carried
out at a constant electronic sensitivity. However,
not all foods give the same range of reaction f'orces,
and so, the amplification attenuatt.on should be changed,
if necessary,to allow all samples in a study to give
visible force-penetration rigures.
Figure no. 20 shows the dynamic rorce-penetration
oscillograms of several different foods. The oscillograms
are representative of the particular samples Which were
used. The curves are shown in duplicate since two
photographs are made on each frame. The measurements
in centimeters indicated on the oscillograms indicate
the sample size in length of a cube side. For comparison
or amplitudes, samples of the same size should be
normalized to the same sensitivity obtained from rree
run. Almonds, raw and broiled steak, and raw potato
were run on the same low sensitivity. Raw pears, raw
apples, raw and cooked peas, raw celery, candy bar, cheddar
cheese, boiled potato, and boiled carrot were run on
the same intermediate sensitivity, and hard boiled egg
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FIGURE NO. 20
Force-penetration oscillograms of representative foods.
yolk and white, and sausages were run on the same
high sensitivity. Thus, any comparisons must recognize
that even i~ sample size were ~dentical that the low
sensitivity items would have much higher amplitudes and
the high sensitivity items would have much lower
amplitudes if all were placed on the same scale as the
intermediary sensitivity samples.
It is to be noted immediately that foods with
similar masticatory properties, such as raw pears, raw
apples, and raw potatoes, or hard boiled egg yolk and
hard boiled egg white, or boiled potato and boiled
carrot, h~ve similar ~orce-penetration diagrams. And
yet, just as they are similar subjectively, they are
slightly different from each other, and observation of
the ~igures show that although there is a closer
similarity b~tween items in a group than between
groups, there are signl~icant di~.ferencesbetween the
members o~ a group. For example, with raw pears, apples,
and potatoes, the force rises rapidly and breakthrough
Is achieved early. ']heforce drops off slowly after
the breakthrough and very little force is exerted on
the blte-up curve. There is a very subtle dif.ference
between raw apples and raw pears in that the bite-down
curve for apples rises more rapidly and drops more
rapidly •• This might be attributed to greater crispness
of apples compared to pears. In crisp or brittle foods,
there is a relatively high yield value, in that a great
deal of force which results in no penetration is
required until a certain force value is exceeded, at
which time the food breaks away almost completely and
virtually no resistance is met by the teeth.
Raw potatoes show this typical crisp behavior of
sharp rise to maximum, break-through and rapid fall.
Almonds and celery also show the expected steep rise
or high angle or contact and sharp fall. Since the
almond figures are on a low sensitivity, the true height
of the curve is considerably higher if it is compared
to the others.
Raw peas show a higher maximum height than do the
pears or apples and so offer more resistance to mastication.
(The height of the force-penetration figure is equivalent
to the maximum vertical deflection OD the first bite
of the force-time diagram.) In raw peas no sharp break-
through is observed, however. There is a disoontinuity
in the bite-down curve which is attributed to the teeth
breaking through one cotyledon into the spaoe between
the first and second cotyledon. The response continues,
when the teeth commence into the second cotyledon. Cook-
ing, of course, deoreases the resistance offered by peas
to mastioation, and this is apparent from the force-
penetration figures.
In hard-boiled egg, both the yolk and white show
low max~ peaks as would be expected from their soft
character.
In the case of raw steak, no appreciable destruction
occurred. The bite-down curve is almost identical with
the bite-up curve which indicates that the food i8
exerting an upward force on bite-up which is almost
equal to the downward force exerted by the teeth on
bite-down. This is, of course, due to the elastic
behavior of the meat or the tendency of the sample to
recover from its deformation. The width of the curve
becomes very narrow because of this behavior. In complete
elasticity, the bite-down and bite-up curves would be
coincidental. The elastic response of raw steak changes
considerably after the steak is broiled. Cooking tender-
izes meat, a fact which is graphically demonstrated by the
lower height of the force-penetration diagram for the
broiled product.
The discontinuity in the bite-down path of the
candy bar is due to the layer of chocolate which coated
the bar. The cheddar cheese shows a steep rise with
breakthrough and a rather sustained decreasing force
to the minimum. In the bite-up curve, the force drops
suddenly, indicating permanent deformation or rheological
plastic behavior. The width of this curve is great as
opposed to that for raw steak, and plastic and elastic
behavior are direct opposites.
The boiled potato is quite different from all the
other products as Is the boiled carrot. Both show
.smallforces which remain fairly constant throughout the
entire bite. It would be difficult to tell them apart
in the mouth, at least according to these data if one
had to depend on masticatory properties alone and were
deprived ot'the sensasof taste and smell.
Sausages show gradual transitions franuree run to
contact bite-down curve to breakthrough, indicating an
unusual plastic-elastic behavior typified by products
which are held together by artificial binder rather
than by a continuous cellular network.
Different samples 0 f a given food may differ wide ly
in mastication characteristics and therefore may give
differently shaped force-penetration relationships.
These diagrams, however, can be useful for recognizing,
measuring, and defining many properties which have
never been adequately measured or even precisely defined.
The fo~ee-penetration figure is a complex picture
from which several properties of the food may be
inferred. Characteristic features of the force-penetration
diagram may be compared to certain sensory impulses
reaching the brain during the chewing process. The
subject's interpretation of these impulses is based on
his physiological structure and past experience. Previous
attempts at objective measurement have not adequately
recognized these considerations, nor have they attached
quantitative signi~icance to the terms commonly used
today, such as "crisp," "brittle," "so~t," "hard,"
~runchy," "tough," "tender," etc. In subjective tests,
the individual has difficulty in describing a food in
these terms and even greater undertalnty is encountered
when applying the same term to dif~erent foods. The
~orce-penetratlon diagrams have, therefore, required
studies of corresponding subjective evaluations before
highly significant interpretations and weights could be
assigned to the quantitative measurements.
QUANTITATIVE MEASUREMENTS:
RereITlng again to Figure no. 19 and to the general
interpretations, certain significant quantitative measures
could be made ~rom the force-penetration diagrams.
Measurements should be made on the bite-down
curve. The angle of ascent to maximum force (or any
unique shape or characteristic 1~ this ascent is non-
linear,) the maximum force and the distance or pene-
tration at which the maximum force appears should be
measured. The angle of bite-through ~ollowing maximum
~orce to the point o~ maxlmum penetration (or any unique
shape or characteristic of this portion of the curve, if
non-linear) might also be a significant measurement.
The significance o~ the bite-up curve (which rep-
resents the force exerted against the teeth when the
mouth is opening) is possibly not as great as the bite-
down curve and its varlability is considerable because
of the fact that the food has already been broken up.
However, in many applications, these characteristics
should be observed. The area bounded by the two curves
is an indication of the change which has occurred in
the food. Measurements should be normalized to correspond
to differences resulting from size of sample and/or
overall sensitivi~.
The horizontal distance from point A to point B or
free run is designated Xl- The horizontal
distance from point A to point of oontact C is
designated X2 and the ratio X2IXI is proportional to the
thickness of the sample. All measurements made must be
normalized to this value•
.The horizontal distanoe from point A to point of
maximum force D is designated as X)' a quantity which
was originally thought to be related to the elastici~-
plasticity characteri.stic, but W1ich, in later tests,
showed no significant correlation to any subjective
properties. X3 is the distance of penetration at Which
the maximum force appears.
As indicated above,. the vertical distance of point
D from path 1 o:floop AB is the maximum reaction force
of food to the masticatory action and this quantity has
the designation Y2. The vertical distance :frompoint
E to point B has the designation Y1, and is the reaction
force of teeth at the point of minimum distance between
the teeth. Attempt to relate the ratio Y2IYI, or the
quantity Y2-YI, to the elasticity-plasticity and/or
crispness characteristic were relatively unsuccessful.
The effective angle between the bite-down curves
for the free run and the sample run, respectively is
designated as angle 9 and is an index of the crispness
characteristic.
The horizontal width of the curve at point E is
designated as X5 and the ratio X5/~' was suggested as
an index of the elasticity-plasticity characteristic.
The area A Is the area under the bite-down curve
CD bounded by the bite-down free run, the abscissa
X3' and the ordinate Y2, "and Ao is the total area bounded
by the total bite-down, bite-up, and free run curves.
The studies described below have ascribed significance
to several of these quantities and have shown that others
have little significance in subjective interpretations.
The maximum curve height Y2 is an index of the
characteristic which is described as hardness at the
upper end of the scale and softness at the lower end.
This is the maximum reaction force exerted by the sample
on the teeth during mastication. It is corrected for
sample thickness before it is used validly. For small
variations in thickness, Y2 values are therefore norm-
alized to a constant mean thickness of sample"by the
formula:
(~ NORM = (~ EXPT _(1 - X~l) MEAN
II - X2 X11 EXPT.
The proportionality of force to thickness implied by
this .formula is in accordance wi th a similar previous
usage. (Krumbholz and Volodkevich, 1943.)
The tangent of the angle 9 at point C is an,:,
index of'the crispness characteristic. When the v8llue
of the product (tan e) (Y2) rises above an arbitrary
value, the index then becomes one of brittleness rather
than of crispness. Previously, it was noted that the
force-diagrams showed increasing values of both Y2
and Xl - X2 with assumed inorease in crispness. The
X3 - X2simple proauct
was therefore tentatively used as an index of crispness.
Xl - X2 is constant for samples of constant thickness
and constent ~. 1'fvariation of sample thickness is
not too great between samples in a test series the
Xl - X2 factor does not enter significan tly. Further
examination of the equations showed that the magnitude
on the left side is measured in exactly the same way
as that on the right and so the measurement of the
quantity on either side is satisfaotory. Thus, the
use of the magnitude tangent 9 is justified.
The horizcntal width of the curve at point E, ~5'
expressed as XS/XI i8 an index of the characteristic that
is described as elasticity at the upper end of the
scale and plastic:ty at the la.1er. XS/Xl must be
normalized :forsample size in the same manner as is
The expression y~/tan e was proposed as an index
which relates to the work required in the bite-down to
the point o:f maximum reaction force. In the f'orce-
penetration diagram~ sjnce the ordinate is force (F)
and the abscissa is distance (1)
Work • J Fdl = A
A = 1/2Y2 eX) ... X2) : 1/2 ~/tan 9.
The work :function i'orsamples o:f equal thickness is
therefore y~/tan e. Attenpts at correlation of this
magnitude to the subjective interpretation of'any
quantity shoed no significant relationship. Further,
this quantity is obviously equivalent to the measureable
quanti ty A, which was also suggested as an index of' the
work required in the bite-down portion of the cycle.
Again, the magnitude A showed just as little signi:ficance
as did ~/tan e..
However, the total are enclosed by the bite-up,
bite-down, and :free-run curves, measured as Ao is
an index o:f the charaoteristic that is described as
toughness at the upper end of the scale and tender-
ness at the lower end. Ao is apparently the total
work of mastication.
~ "1r:',
_'LL.;.~
These very significant interpretations of the
quantitative measurements on the force-penetration
diagrams were obtained from a very careful and
comprehensive series of studies described below.
INTERPRETATION OF THE QUANTITATIVE MEASUREMENTS:
BACKGROUND:
The desireability for objective measures of the
subjective masticatory properties has been stated above
and its practical implications have been indicated.
Some of these factors will be reviewed here and some
of the previous approaches to this problem will be
presented.
~e masticatory properties ot a food have a great
effect on the consumer's reactions to the food. The
objective measurement of many of these properties has,
in some cases, not even been recognized because of the
indefiniteness of the definitions, and in many other
cases, the objective measurements have been far trom
adequate. otten, the objective measurement has been
applied to a property with insufficient evidence for
the relationship.
It is important to note that the individual's
attitude governs the interpretations applied. Many
physical factors judged subjectively may not be the
same as those measured objectively. The correspondences
must be studied especially to determine the degree of
psychologlcal change whiCh corresponds to any actual
physical Change; i.e., the threshold for these
properties must be determined. (Scott Blair, 1939.)
Only recently have experiments been performed to
attempt these correlations. One concerned with crisp-
ness in almonds has been referred to previously.
(sterling and Simone, 1954.) In this work, the
authors state that crispness' is not well defined and
may mean two different things in two different food
products, e.g., fresh lettuce and potato Chips. In a
single food, it is defined differently by different
people. A possible definition is the quality of
fracturing under relatively slight distortion, a
definition which could also be applied to brittleness.
Based on this concept, any objective test devised
must measure the amount of distortion incident to the
fracture of a test specImen. Another definition of
crispness suggested was the quality of fracturing
into many small pieces under compressive pressures.
Yet another was shear strength, related to fragment-
ab ility via the failure of test specimens Which are
under compressive stresses in various shear planes.
Hardness may also be related to the shear strength.
In this series of experments, as indicated above,
there were organoleptic appraisals of fragmentability
(ability to break into many small pieces,) hardness
(difficulty of penetration or teeth,) and cohesiveness
(requiring deep penetration or teeth before breaking
apart.) In addition, the judges were asked to indicate
the relative crispness of samples without being asked
to indicate the reasons for the choice.
The results of this study indicated that a crisp
almond does not yield in a ductile fashion under stress
but ruptures Sharply with very alght distortion.
In sensory testing, the major divergence of opinion
occurred on the kind of failure which occurs. One
view was that crispness involves a clean sharp fracture
(relating crispness with hardness;) another view is
that crispness involves multiple, anastomosing fractures
(relating crispness with fragmentability.) An objective
measurement of the kind of failure might be based on
the amount of new surface produced during failure of
the specimen. (i.e. permeability, surface absorption.)
Cohesiveness was defined finally as the ability to
resist fracturin when placed under stress.
There has been anotllerrecent and comprehensive
report concerned with this problem as applied to
candy. (Martin, 1956.) This paper was not based on
experimental work, but rather was general review
paper. The author stated that texture is the resultant
of several physical properties including density,
hardness, plasticity, or elasticity, and consistency.
It varies in different types of products from the soft,
1ftender," texture or marshmallows or chocolate cream
oenters to glass-like hardness o~ clear varieties o~
hard candy. Texture has been described by "short,O
"tender, n "firm, n "chewy, n etc.
Hardness was de:fined as associated with elastioity
and brittleness and is o:f importance in all-sugar
oandies with low water contents. According to the author,
there are not.suitab~e methods yet to measure hardness or
bri ttleness of such candies.
Tenderness was stated to depend on plasticity. The
maximuW permissible degree o:ftenderness is the prime
attribute of the best grades o~ creams, caramels,
nougats, :fudges, and marshmallows.
The divergence o:f opinions expressed above as
well as the paucity o:f in:formation on the subjeot
have indicated that there is no standard approach to
the problem and acco rdingly, a new approach was developed
:for th is res earoh.
GENERAL APPROACH:
The development of a new subjective-objective
technique for the analysis o:f the masticatory properties
o:ffoods will be presented chrono16gically.
Attempts were made to apply subjective interpretations
based on past experience to the various quantitative
measurements taken :from the rorce-penetration diagrams.
However, the lack of proper definitions and the problem
of variation of subjective opinion with time precluded
any possibility o~ correlating the less apparent
magnitudes. General observations o~ the c~ispness
characteristic o~ roods, or its equivalent as
objectively measured and or the trend or these
measurements in the ~oods tested indicated that the
angle between the bite-down curves o~ free-run and
sample-run were indeed corre1atab1e to that property.
The heigh t or the rorce-penetration diagram is
a maximum o~ rorce which, in the sample, is a maximum
of resistance to mastication. Such a characteristic
has been described as toughness, tenderness, hardness,
so~tness, and many other terms. The problem of which
one or which ~ew were truly related to the measurement
would require, the combined opinions of many individuals
rather than those of a few selected people who had been
close to the situation for prolonged periods and would
probably view the analysis with bias.
Almost the same factors applied to the subjective
interpretation of the work of mastication as indicated
by one or the several measurements o~ area enclosed by
the bite-down, bite-up, and free run paths. Again,
the total work of Chewing had been defined by a variety
of terms such as tough, gristly, cohesive, etc.
Similar considerations held for ether measurements
made from the force-penetration diagrams as the result
of a careful mathermatical analysis. The quantities
X3' X5~ Y!Y1, and Y2-Y1 all had been suggested as
1.4(;
possible objective measures ot' that characteristic
designated variously as elasticity, spring, rubberlness,
resilience, etc. The width of the curve from point of
contact C to point of loss of contact F had been suggested
as a measure of plasticity_
Conversely, there were a variety of terms commonly
applied to the masticatory properties of foods to which
first definitions, and then quantitative measures were
applied. Such terms were brittleness, crunchiness,
chewiness, crumbliness, and spongy. Again, the first
problem was to obtain an accepted definition which was
attempted. upon accomplishing a reasonable facsimile of
this, the diagrams were analyzed to attempt their
quantitization wi th. somewhat less than successful results.
Since no experts on the problem we-re available or
even existed, the next logical approach was to turn to
the ultImate standard of the food industry, the consume!'.
Forms were prepared listing fifteen of the common foods
for which force-penetration figu!'eshad been previously
prepared. The 25 staff and student personnel of the
M. I. T., Department of Food.Technology to whom the
forms were distributed were requested to rate on a 15
point scale four masticatory properties Which were
believed to be relatively clearly defined in their
minds and which were also believed to be common to all
15 ~oods. The foods were hard-boiled egg yolk, cooked
peas, boiled potato, canned potato, canned apples, hard-
boiled egg white, process cheese ~ood, frankrurter,
cheddar cheese, raw peas, raw pear, raw apple, raw
potato, chocolate bar, and rawmrrot. The Characteristics
were toughness, crispness, hardness, and chewiness.
The panelists were asked to make their ratings on the
basis of their past experience using as their men tal
sample typical samples of'the roods to be rated.
It became immediately apparent that the panelists
had varying concepts of the four Characteristics and
that there were varying coocepts of the mental sample.
Even using foods which obviously covered a very wide
range of hardness, the results were very random.
Attempts at correlation of the subjective evaluations
with various magnitudes taken from the force-penetration
diagrams were unsuccesfUl There was too great a
scatter of scores due to the absence of a standard
sample and to the ambiguity of meanings of the various
terms 1n the panelist's minds.
One conclusion which can be drawn fran this result
Is that there Is a wide d1vergence of opinions concernirg
masticatory properties in the nation's population.
especially considering that most or the panelists had
some panel experience and discernment. However, much
disparity of opinions exists in the population, the
masticatory properties regardless of how they are
defined and scored, are still the basis of premi~
paid by the consumer.
Accordingly, an attempt was made to standardize
the definitions ,to those which, firstly, most logically
applied, and secondly, would be those which the
consumer thinks of in mentally rating food far these
properties. ihe next step was to presen t the food
sample and to score the food on the basis of these
propertie s.
SUBJECTIVE INTERPRETATION:
It was evident that a characteristic force-penetration
diagram exists for each food and it was further obvious
from examinations of these diagrams that the shapes and
dimensions are significantly related to masticatory
properties appear to have force-penetratim diagrams
which closely resemble each other.
The ultimate test of foods is, as with all sensory
things, the subjective test. The plan was to study a
food product of interest for its masticatory properties
by means of both a subjective panel and the force8
penetration diagram. Some foods suggested for this
study were apples, potatoes, ca~ot8, nuts, and
cheeses; the final selections were.made by the panelists.
The first step in the study was to select the
proper sample size :foreach food studied and the proper
instrument settings by means of purChasing a small
variety of the product, preparing them.:lfti'"various
manners, and then making the force-penetration diagrams
o'fthe 1'000. Examination o'fthe photographs as well
as of the 'foodafter mastication in the instrument led
to the correct value o'fsample size, condylar and
lateral adjustment settings, bridge voltage, amplification
attenuation, and horizontal amplitude. The establishment
o'fstandard settings for the entire range of masticatory
properties of the 'foodbeing studied prevented any
variation in the quantitative results due to a ohange
in these standards.
Simultaneously with these studies, a questionnaire
was sent out to staff'and student personnel of'the
M. I. T. Department of'Food Technology in order to
give them a f'eeling o'fpartioipation from the
beginning. '!hepoten tial panelists were told the
purpose o'fthe panel and were told that they would be
requested to develop the semantics involved in describing
the food's masticatory properties. From this question-
naire was also learned the availability and willingness to
participate of the potential panelists.
One of the mos t important requirement s from a
panelist was the presence of a fUll set o'fleft molars.
It was demonstrated above how the presence of any
sort of bridge alters radically the masticatory force
whicl1 can be applied to a f'ood; and the absance of
teeth is obvious in its implications. Either of'these
two dental defeots automatioally excluded an individual
from the panel. The potential panelists were requested
to suggest possible foods for study by the panel and
also to make suggestions on the conduct of the tests.
Thirty questionnaires were returned £illed out
which shoved E-'Onlytwelve people qualified by virtue
of complete natural left molars, willingness, and
availability. The testing of apples as a product which
would give the desired masticatory properties was
voted for by the majority.
There are a number of'organoleptic panel techniques
which can be broken down into two large categories,
the clos ed panel and,the open panel. In the former,
the panelists are separated from each other, and make
their decisions independently of all other members of
the panel. Such a method would not allow for the
free interchange of ideas required to establish
definitions, to correct ambiguities, and to firm
abstract concepts. only an open panel such as the'
Flavor Profile Method developed to such a high degree by
the Arthur D. Little Co., of Cambirdge, Mass., would allow
the give-and-take necessary for the subjective analysis
of masticatory properties. (Cairncross and SjBstrom, 1950.)
A panel of trained personnel must be used to analyze
mastioatory properties as a phenomenon. To be an effective
tool for describing, measuring and evaluating these
properties, people with normal dentures, normal sensory
perception, and surficient interest should compose the
panel.
"To encourage freedom o£ thought and
expression in open panel discussion, the
panel should be balanced. No person of
outstanding rank, seniority, or authority
can be allowed to dominate the others. It
is thus important to select as panel members'
persons who will be likely to speak up and
who will allow others to have their say."
(Sj8strom, 1953.)
The Flavor Profile Technique involves firstly a
training period during which the panelists become
fami]farwi th the food to be studied. 'lhedescrlptiv.e
terminology to be applied to the product is established
by open dl.scussion. The descripti va analysis expresses
in common language terms the characteristic notes of
the properties and the amplitude of the total overall
property. One individual, designated as moderator,
acts to stimulate panel members to acuteness and
reliability, while encouraging interest and self-
confidence. The moderator also resolves differences
existing between panelists, and acts as panel recorder.
The open panel is of utmost importance in working out
the best techniques i'orsample presentation and exam-
ination, and for developing the particular vocabulary
applicable to the product. The meaning of each term
must be fully understood by all participants so that
they speak a common language.
Exactly this technique was applied to the analysie
o~ the masticatory properties o£ roods by the panel.
The qualified panelists gathered at a preliminary
meeting during which the general plan o~ the panel was
outlined. The panelists themselves were to set up
schedules and to conduct the panels in a manner Buit-
able £or gathering the desiredmta. A rive-member
rotating panel selected £rom the nine quali£ied during
the period was decided upon as o£ su£ficient size to
reach accurate conclusions without being unwieldy. The
moderator was also to rotate £rom panel to panel.
The £irst panel meetings were to be training
sessions to discuss and determine the terminology to
be used to describe the masticatory Characteristics
and a tentative scoring system. The'panel was also
to decide upon the physical con£lguration of the
scoring sheet upon which each characteristic was to be
scored individually, and on which an overall score
not necessaritly an average of the individual characteristic
scores was also to be recorded.
It was emphasized that the actual product used
was only a means o£ obtaining masticatory properties
which could be correlatable to objective quantitative
measures J and the product i9:e.nt.i1t~1tself was of no
slgniricance.
The ~irst training panels worked on terminology
without bene~lt of the presence of samples. The
decision was made to use a five-point scale for each
characteristic which were finally selected as crispness,
the tendency to separate on initial bite; hardness,
the resistance to penetration; and elasticity, the
ability to bend without breaking. Later training
panels sampled apples o~ various kinds and firmed these
decisions. The panel further decided upon the use of
a mental standard for each characteristic. A five-point
scoring system was selected as best.
The experimental procedure involved presenting a
whole apple"or"a dish of cooked apple slices in the
case of cooked and canned apples to the panel who then
proceeded to score the masticatory properties by
biting off a piece of peeled apple and chewing the
piece with the left molars. Individual pieces were
used to score each of the characteristics. Differences
of opinion over any single property were resolved before
another was scored. ~e scores were recorded on a
score sheet illustrated in Figure no. 21.
Simultaneously with the panel work, objective
measures were being made on the Strain Gage Denture
Tenderometer and also, as a matter of interest, with a
Bal1auf fruit tester penetrometer-type instrument
often used as an industry index of quality. Denture
Tenderometer tests were run using cubes cut from the apple'S
RHEOLOGY LABORATORY
DEPARTMENT OF FOOD TECHNOLOGY
Apple Panel Score Sheet
Moderator: Date:---------
Panel Members: Sample:-------
Overall
Crispness Hardness Elasticity Rating
Score(1-5>
Crispness: Tendency to separate on initial bite.
Hardness: Resistance to penetration.
Elasticity: Ability to bend without breaking while Chewing.
Moderator's Comments:
Moderator's Signature
FIGURE NO. 21
red side, i inch on a side; instrument settings being 8.5
volt bridge; condylar adjustment setting, L = + 5~ R = 0;
lateral adjustment setting, L : R = OJ horizontal sweep
amplitude setting 70; vertical deflection ampli~ication
maximum. The data ~rom ten units .were averaged to obtain
a.sample average.
The products tested we~e Winesap apples, starr
green cooking'apples, canned ready-to-use pie sliced
apples, and Gravenstein green apples, all rrom various
lots and crops, and prepared in various manners so as
to vary their physical properties.
At the conclusion or eleven such panels, the data
from both objective and subjective tests were tabulated.
The data from the Strain Gage Denture Tenderometer were.
corrected for the slight day-to-day electronic fluctuations
indicated by the differences in oscilloscope output
arising from daily testing of the standard one cubic
'centimeter sponge rubber cube. ~e objective'data was
also corrected for the slight dlffe~ences in sample
size ar!s:tng..from,,'day.,to-daymanual cutting variations and
indicated by variations in the X2/X1 ratios.
The various. subjective scores were then tabulated
in order of decreasing score and indicating the number
of the panel at which each score was registered. Then
the corresponding force-penetration figure measurements
1.5C
which could be logically related to the subjective
definition were tabulated beside their panel subjective
score. Coefficients of correlation were then calculated
for the most promising combinations.
An example of.this technique: the hardness scores
were arranged in order of decreasing scores. The number
of the panel during which the score was given was
tabulated beside the score. The force-penetration diagram
magnitude of Y for each panel was tabulated in the
2
order indicated by the subjective scores and the two
columns,. the..scores and the Y2 were subjected to a coeffi-
cient of correlation calculation. The process was repeated
in the case of hardness for A, Ao' and y~/tan e, and if
there was any readily observable correlation, the
coe~ficient of correlation was calculated. ~e highest
coefficient of correlation indicated the objective
measurement related to the subjective interpretation.
The crispness characteristic was compared to the
objective measurements of X3/~ - xzlX1, Y1, Y2"Y1,
tan e, A, Ao-A, and ~/tan e.
The elasticity score was compared to X~Xl-X2/Xl'
Y2-Y1' Ao-AI' ~/tan e, Y2/Yl' X3/X1, X3/Xl/x2l~ I and
x5/xl•
The overall score was compared to Ao' A, Ao-A,
~/tan e, and Y20
1.51.
High coefficients of correlation were found for
hardness scores with Y2 values, crispness scores with
tan 9 'values, and overall' scores with A. Tn addition,
o
the Ballauf fruit tester ratings were found to correlate
well with the subjective overall score and with the
subjective hardness score. The coefficient of correlation
of the former variable~;was 0.84 significant at the
95% level and the correlation coefficient for hardness
was 0.79, also significant at the 95% level. Thus, the
Ballau.f fruit tester rating correlates rather well with
overall score.
Figures no. 22, 23, and 24 show the correlations
of subjective scores versus the most significant
measurement s found on the Strain Gage Den ture Tenderome tar.
Figure no. 22 shows Y of the force-penetration diagram
2
asa function of subjective score of hardn~ss. The
coefficient of linear correlation is 0.904 significant
at the"95% level, a highly significant result. The
curve has the form Y = 1.6X - 4 where Y 1s the Y of
2
the force-penetration diagrams and X is the subjective
hardness score.
Figure no. 23 shows tan Q as a function of the
subjective crispness score. The coefficient of linear
correlation is 0.984 significant at the 95% level~ a
highly significant result. The curve has the form
SUBJECTIVE SCORE VERSUS
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Y = 2.l9X - 3 where Y is tan 9 taken from the force-
penetration -figure and X is the subjectiye crispness
score.
Figure no. 24 shows A as a function of the
o
subjective overall score. The coefficient of linear
correlation is 0.976, highly significant at the 95% level.
a very significant result. The curve has the form
Y = l208X i'6 where Y is A and X is the subjectiveo
overall score.
These results indicate a highly significant linear
correlation o:fStrain Gage Denture Tenderometer results
to subjective panel results for three characteristics.
The 'correlations were found :foroverall score versus
total area enclosed by the bite-doWl, bite-up and
free-run paths of the force-penetration figure; hardness
versus maximum vertical deflection; and crispness
versus the tangent of the angle e between the
bite-down paths of free-run and sample-run. No
correlation was found between elasticity and any other
of the measures from the force-penetration figures, a
result due to a lack of proper subjective interpretation
of this characteristic. Less significant results were
found between the results of the Ballauf fruit tester
and those of the panel for hardness and overall score.
There was a good correlation o:f hardness and overall
score indicating that hardness constituted a significant
portion of the overall score.
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The panelists met again in an open discussion to
evaluate the apple panel results and the entire panel
operation. That characteristic previously derined as
elasticity existed in apples to only a limited extent,
and fUrther was interpreted differently by the various
panelists in their evaluations; thus the results could
not be correlated to an objective measure. True
physical elasticity is the ability of a material to
return to its original shape on removal of the distorting
force. Products such as marshmallows, bread, and some
cooked meats display this characteristic well. Elasticity
is the opposite of plasticity, a permanent distortion
or the ability to retan a shape applied to the product
by a deforming force. It is important to define each
characteristic very carefully since individuals cannot
divorce their previous concepts from the newer more
precise definitions.
It was suggested that definitions be put at both
ends of any masticatory characteristic scale to act as
anchor points. It is recognized that there is some
overlapping between properties, but the panelists acknowl-
edged that only the dominant characteristic was to be
scored in each category. The possibility of applying a
separate term to each step in the range of a characteristic
was precluded by the absence of sufficient vocabulary. The
scoring was to be done in a hedonic manner, i.e., - the
highest score had the most of the characteristic listed
at the upper end of the scale, the lowest score had the
most of the characteristic listed at the lower end of the
Beale and in-between scores would have the modifiers
very , neither nor,------ ---------- ------'
and very • if words were applied to the steps.-------
The following scales were suggested for usage on
succeeding panels: hardness to softness; elasticity
to plasticity; toughness to tenderness; and crispness
with no term established for the opposite end of the
scale. The term flaccid probably fits the opposite of
crispness, but this term is not generally applied to
f'oods.
The definitions of each of'the terms:
Hardness-pesistance to penetration;
Softness - no resistance to penetration;
Crispness - break without yielding or giving;
No crispness - yield or give without breaking;
Elasticity - complete return after force is removed;
Plasticity - distortion under force with no return;
Toughness - maximum overall impression of physical
properties;
Tenderness - minimum overall impression of physical
properties.
In addition, the term brittleness was defined as
identical to crispness with. the exception that the term
brittleness is applied only when the hardness character-
Istic score rises above an unknown value. Crumbliness
Is a tongue ~eel based on the number of partioles formed
during mastication and the particle size. Cohesiveness
is the opposite of crumbliness. Crunchiness is defined
as the presence of a sound whioh Is associated with a
food during mastication.
A secondary series of concepts which are supplementary
to the primary definitions were used to assist in the
subjective evaluation:
Hardness-softness: the initial impression when
the teeth contact the food;
Crispness-brittleness: the next impression as the
teeth bite into the food; and
Elasticity-plasticity: the final impression
after the teeth have bitten completely into the ~ood4
These concepts are based on the facts that the
resistance to biting is sensed on contact with and
application of ~o~ce to the sample, crispness factor
is in essence the degree of breaking upon finite penetration
into the sample, and the full elastic force is.sensed just
as the deforming force is about to be removed.
The panel decided that Cheese was an excellent
subject for panel evaluation of masticatory properties
since there are sufficient Cheeses with varying physical
properties to cover a significant portion of the range.
Accordingly a series of tests were performed using cheese as
the product possessing the masticatory properties in ques-
tion.>
The score Sheet used for recording results for
this series Is illustrated in Figure no. 25. The
samples for both the subjective panel and the objective
tests were prepared simultaneously and divided into
groups randomly so that there could be no difference in
samples. The one-half inch cubes used for both tests
were al. cut from the same large piece of cheese for
each day's panel. The panel technique used was the same
as that used for the apple panel with several refine-
mente: the use of the new, clearer defin1tionsindicated
above; and the use of standards. To assure no variation
of scoring range from day-to-day, anchor points were
established by giving the panelists on each day three
food products which were to act as standards for each
of three characteristics. These standards were salted
peanuts, all t~ken from a single lot of cans, given a
hardness standard score of 10; potato chips given a
crispness standard score of 20; and marshmallows
containing sorbitol given an el~ticity standard score
of 15. In other words, .on a cheese scale of 0-5;
peanuts have a hardness score of 10; etc.
The Denture Tenderometer settings were condylar
adjustment setting, L = ~ 10, R • OJ lateral adjustment
setting, L = R = 0; 5.7 volt bridge; vertical deflection
amplification, maximum; and horizontal sweep amplitude,
70, The data from ten units were averaged to obtain a
sample average.
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RHEOLOGY LABORATORY
DEPARTMENT OF FOOD TECHNOLOGY
Cheese Panel Score Sheet
No.---
Moderato~:-------
Panel Members:-----
Score
Date:------
S8.J.'1lple:-----
Hardness (5) Softness (0)
Resistance to no resistance to
I
penetration penetration
.
"Crispness-brittleness": Give without
Break without breaking CO)
giving (5)
Elasticity (5) Plasticity (0)
Complete return Distortion un"der
after force is force with no
removed return
Overall impression Tenderness (0)
of physical
properties -
toughness (5)
Comments:
Any brittleness? -----Any crunchiness? _
Any crumbliness? -----
Moderator's signature
FIGURE NO. 25
The pro~ucts tested included Gouda, Natural
Cheddar, Domestic and Imported Romano, Gorgonzola,
Mozzarella, high and low fat Scarmoze, Parmigiano,
Bel paese, Cream, Port Salut, Provolone, Muenster,
Process Cheese'Food, Goat, Smoked Cheddar, and low-
fat Mozzarella curd.
for day-to-day electronic and sample size fluctuations.
The data and results of these tests are summarized
in Table no. XIII: the correlation of hardness to Y2-
crispness to tan 9, elasticity to X5/Xl' and overall
score A •o
The coeffIcIent of linear correlation of the
subjective hardness score to the force-penetration
figure Y2 measurement is 0.81 significant at the 99%
level, a significant result. The curve has the form
y= 5.l2X + 3.75 where Y is the maximum vertical
deflection Y and X is the subjective hardness score.
2
,The coefficient of linear correlation of subjective
c~lspness-brittleness score to tan g is 0.74, significant
at the 99% level, a fairly significant result. The
curve has the form Y = 1.09 X ~ 0.2 where Y is the tan e
and X Is 'the subjective crispness-brittleness score.
TABLE NO. XITI
Results of Cheese Panels
rom Force-penetrat on
Mast catory Propert es.
Hardness-Softness Characteristic Crispness-Brittleness Characteristic
Subjective Score Y2 Subjective Score tan e
5.0 2.5.1mm. .5.0 5~434.5 26.2 4.0 i*404.0 33.4 3.5 .~14.0 23.1 3.5 2~ 930.5 14•.5 3.0 4.413.5 32.8 2.5 1~613~5 24.6 2.5 0.653.0 21.1 2.5 5~212#5 8.6 2.5 4~742.0 9.3 200 0.79260 1~.8 1.5 1.142.0 8.9 1.5 0.722.0 17.2 1~5 0.562.0 13.6 1.5 26271.5 8.5 1.0 1.80105 19.6 0.5 2.091.5 16.5 0~5 0.381.0 4.8 0.5 0.430.5 5.0 0.5 1.550.5 5.9 0 0.33
Table No. XIII Continued
Elasticity-Plasticity Characteristic Overall Characteristic
Subjective Score X5/~ Subjective Score Ao
4.5 0.282 4.0 54.94.5 0~276 4~0 84.54.0 0~247 4.0 62.53.5 0~277 3•.5 39.L~3.0 0.319 3~5 75.03.0 0.324 305 35082.0 0.400 340 59.12.0 0.393 3.0 30.42.0 0.~.35 300 59032.0 0.388 3.0 28.6
2.0 0.410 2~5 28.6
1.5 0.414 2.0 2309
1.5 0.375 2.0 211.5
1.0 0.398 200 34.91.0 0.403 1.5 32.9
1.0 0.403 1.5 26.4
1.0 0.391 1.0 21.9
0.5 0.426 1.0 1306
0.5 0.405 0.5 14.70 0.558 0 11.3
i6S
Table No. XIII Continued
Crumbliness Characteristic Brittleness Characteristic
Subjective Score J:.c1A ~ective Score 112) (tan e)
5.0 1.91 2.5 125
5.0 2.20 2.0 110
3.0 1934 1.5 117
3.0 1.52 1.0 171
3.0 1.28 0.5 116
3.0 2.18 0 39
2.5 1.32 0 11
205 2.17 0 19
2.0 1.81 0 6
2.0 2.14 0 -)~6
1.5 1.19 0 6
1.0 1.51 0 2
0 1036 0 3
0 1.13 0 35
0 0.97 0 26
0 1.19 0 5
0 1~12 0 2
0 1.28 0 11
0 1.44 0 48
0 1.31 0 26
The coefficient of linear correlation of subjective
elasticity score to the width of the force-penetration
figure X5/Xl is -0.8S, significant at the 99% level, a
highly significant result. The curve has the form
Y = 0.391 - 0.0285x, wher Y is the width of the force-
penetration figure XS/Xl' and X is the subjective
elasticit~ score.
The coefficient of linear correlation of subjective
overall score versus the total area enclosed by the
bite-down, bite-up, and free run paths of the force-
penetration figure, A , is 0.82, significant at the 99%
o
level, a significant result. ~e curve has the form
Y - 14.1 X 4 3.65 where Y Is the area A and X is the
- 0
subjective overall score•
.Attempts were made to correlate the presence and
degree of crumbliness to a force-penetration measurement.
A somewhat significant coefficient of correlation of
0.68 was found for crumbliness as objective by measured
by the magnitude AlA.o
Evaluation of the objective data with respect to
the presence of brittleness indicated that if the
product (Y2) (tan 9) has a magnitude above 100, the
subjective interpretation of the crispness-brittleness
Characteristic changes from that of crispness to that
of brittleness.
The cheese panel results indicate a linear correlation
of hardness-softness with Y2' elasticity with Xs/Xi- and
i6C
overall score with A , and less significantly in this
o
case, crispness with tan 9. The correlation of tan 9
with crispness was not as high as it might have been
due to two factors: cheese is not crisp and the
property which is being scored is not crispness.
Crumbliness is somewhat relat~d to Ao/A or yzlY1,
which are both indicative of a progressive decrease
of force with penetration, but this is probably not a
force characteris~ic which can be measured by this
instrument. Brittleness correlates to the magnitude
(Y2) (tan e) when this product rises above 100, the
product is brittle.
REPETITION OF GENERAL QUESTIONNAIRE:
The deficiencies of the use of the gener&
q~estionnaire to obtain a correlation of subjective
scoresto force-penetratlon measurements have been
indicated above. One of the more serious defects was
the absence of clear definitions of masticatory properties
and the thorough understanding of these definitions by
the panelists. This fault was readily corrected by
handing out questionnaires similar to those described
above to the trained panelists who had served on the
apple and cheese panels.
In this case, the same fifteen foods were rated
for the hardness-softness characteristic, crispness-
brittleness, elasticity-plasticity, and overall score
toughness to tenderness. The rating was on a 0-5
scale exactly the same as the apple and cheese panels.
The scores from each panelist for each food were
averaged and tabulated against force-penetration
figure measurements thought to be of significance. In
contrast to the actual panel results, the variation in
properties was obtained by a variation in the food
rather than by varying a single food.
The results of the statistical analysis of these
data are shown on Table no. XIV.
The coefficient of linear correlation of the
subjective hardness-softness characteristic to Y2
is 0.91, significant at the 99% level, a highly
significant result. The curve has the form Y = 9.5x - 10.3
where Y is the maximum vertical deflection Y2 and X
is the subjective score for the hardness-softness
characteristic.
The ooefficient of linear correlation of the
subjective crispness-brittleness score ~to tan e
is 0074 significant at the 99% level, a fairly significant
result. The curve has the form Y - 2.08x - 2.28 wher Y-
is tan 9 and X is the subjective score for the crispness-
brittleness characteristic.
TABLE NO., XIV
Results of Questionnaires to Correlate
from Force- enetration a rams to Su
Mast eatory Propert
Hardness-Sorftness Characteristic Crispness-Brittleness Characteristic
Subjective Score Y2 Subjective Score tan Q
1.58 7.4 mIn. 2.04 0~451050 6.1 1.33- 0.291092 4.3 1~83 0.182.06 9.5 1.15 1.881.46 ~.7 1059 06~.01.79 .0 1.83 Oo~51.25 7.7 1.17 o. -52.21 8.1 1.63 1.023.12 16..0 2~33 1.803.78 30.6 3..16 5.483025 11.3 2~58 1.193.75 16.3 3.12 3~734..36 38.0 3.50 9.014.83 39.7 3.96 5.40
Elasticity-Plasticity Characteristic Overall Characteristic
Subjective Score X5/Xl Subjective Score Ao
1.67 0.156 1.75 111.88 O~~3 1.59 81.54 0.3 8 1.46 51.63 00317 2000 41.50 0.257 1~55 3
3.~2 0.163 2.21 72 0.247 1054 114.00 0.075 2.37 162.16 0.263 2.87 211~87 0.188 3.91 451.38 0.288 3~25 132.12 0.394 3.50 122.18 0.255 4.23 342.67 0.167 4.62 34
The coefficient of linear correlat ion 0 f the
subjective elasticity-plasticity property to the
width of the force-penetration figure, XS/X1, is -0.67,
significant at the 99% level, a somewhat significant
result. The curve has the formY = 00397 - 0.0726x
where Y is XS/X1 and X is the subjective elasticity-
plasticity score.
The coefficient of linear correlation of the
subjective overall score to the area A is 0082,
o
significant at the 99% level, a significant result.
The curve has the form Y " 8.16x - 5.46 where Y is the
area Ao and X is the subjective tenderness-toughness
score.
The results of the second questionnaire are
somewhat variable due undoubtedly to the absence of
samples for testing and the consequent variation of
mental samples in the panelists'-minds.
These are the results of three independent
series of'tests which indicate the great significance
of the force-penetration figure obtained from the
Strain Gage Denture Tenderometer.
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APPLICATIONS OF THE STRATIf GAGE DENWRE TEN"DEROHETER
The considerations presented above lead immediately
to the realization that in simulating the human masticatory
sensing system, the Strain Gage Denture Tenderometer is
a powerful tool for measuring masticatory properties of
interest in commercial food products. Already described
have been a series of studies on peas as picked from the
field, and another on peas as storage and cooking
conditions Change. It has long been known that food
products change.in.their masticatory properties in
growing, in storage, under various processing conditions,
in various packaging environments, and in home prep-
aration. The importance to a food manufacturer of the
measurement of these changes is self-evident, it means
dollars and cents; even from an idealistic standpoint,
the ability to measure these preoperties is a means of
development of new and bett~r ways to keep food in its
optimum condition, and thus increase the total effective
quantity available. In addition, an objective means of
measuring physical properties is a quality control tool
which will aid In maintaining the product's best condition.
However, the strain Gage Denture Tenderometer is
a research tool and has not been tested previously for
many productsto learn its capabilities and limitations
for these foods. During the preliminary studies, some
or the obvious dirficulties were recognized and corrected,
and soon it was learned that each food product has its
own problems and must be treated individually in order
to develop the instrument f s optimum capablli ties ibr
objective measurement. In addition to the peculiarities
or food within the apparatus itself, the food industry's
problems vary between foods, e.g., in some cases,
storage conditions are no problem but formulation is
a major problem, processing conditions may be the
pressing issue, etc.
To use the single i~trument in existence today
to evaluate all of the food industry's problems
concerning masticatory properties would be an infinite
task. This can only be accomplished by having a multiplicity
of instruments each being evaluated by the organization
having the problem and then applying the solution~ to
the industry in general.
Accordingly, not every problem facing the food
industry was attacked in this relatively ~rge series
of studies. There are even a number or glaring
omissions. However, it must be borne in mind that
the object of this research was not necessarily to
come up with specific answers to specific problems,
but rather to develop instrumental techniques to the
point described in the previous section, in which the
instrument's capabilities of virtually n reading the
consumer's mind" were presented. Actually, even this
information 1s recognized as not being the instrument's
full capabilities and this statement will be developed
further in the conclusionso
Howeve~, in the development of the unit from the
gadget stage:into a true instrument during which time
the techniques were greatly refined to the fine point
indicated, a large number of excellent results which
apply to specific fields were obtained. Already
mentioned have been the decreasing uniformity of pea
quality as the harvest season progresses and the great
ability of the Canco Tenderometer to submerge extremes
of quality in a single average value. At least one
relatively interesting specific result was obtained
during the cheese panels which was not repeated sufficient
ttmes to attach high significance to it. (It must be
remembered that the cheese was only used as a tool to
obtain specific masticatory properties.) This result was
that MOzzarella Pizza Cheese made with a full cream <4%
f"
butterfat) milk was more elastic end softer than the
same cheese made with a skim milk (1% butterfat.)
The general procedure in initiating a study was
for a specific company or individual performing research
to request studies to be run to determine the ability
of the Denture Tenderometer to perform the test in
question. These studies will be presented in chronological
order so that the development of the techniques will
unfold in its proper perspective. The results of sig-
nificance will also be presented along with the
techniques developed.
S'lUDIES ON FLOUR DOUGHS:
The following studies were performed in the research
laboratories of General Mills, Inc., Minneapolis,
Minn.
The development or a supplementary instrument based
upon the fundamental principles of the Strain Gage
Denture Tenderometer, but refined for a specific use has
been described above for peas. A second instrument also
based on the use or masticatory motion and strain gage
sensing elements called the Strain Gage Dough Tester
has also been designed, built, and tested by members
of the M. I. T. ~partment of Food Technology starr
including this author. The description of this work
will be published elsewhere. However, there were a
number of studies carried out on the Denture Tender-
ometer which led directly to the development of the
later instrument.
As in the case of most foodstuffs, the ultimate
test of wheat flour currently is in the baking of a
final product. The miller and the baker have only a
few methods of determining just what character of final
baked product will result from any particular sample
of flour. Because of the time involved in a baking
test which, o~ necessity, includes mixing, proofing, and
reproo~ing, and baking, it is desirable to have some
sort of instrument or test which can evaluate the flour
for properties such as final loaf volume, crumb texture,
crust color, and break since these bread characteristics
are to a large extent determined by the characteristics
of the flour and its dough.
The flour characteristics are fundamentally
concerned with protein quantity and quality of the
flour and factors such as aging, bleaching, oxidizing,
and enzymatic activity affect these two basic
characteristics. While an extensive protein and amino
acid analysis of a flour might tell much about baking
qualities, it is far too complicated as a production
tool. The next best step 1s the preparation of a dough
from the flour and a measurement of its physical
properties since these properties are related to the
final loaf characteristics.
Several instruments and techniques are available
and in fairly common use for this purpose. Probably
the most widely used is the Brabender Farinograph which
is a slow speed mixing device connected to a dynamometer
mechanism which measures the apparent resistance of the
dough to mixing. While the Farinograph gives fairly
satisfactory results on the water absorption of flour
and poor results on the mixing characteristics of a
given flour, it is wholly unsatisfactory when used to
predict baking quality because of the varying
resistance ofrered to the dough by the walls or the
mixing bowl and by the mixing blades.
The mixograph consists of a vertical mixing bowl
mounted on a torsion spring and free to turn from the
interaction of the dough with four fixed vertical pins
in the base of the bowl. A motor from above serves to
mix the dough. The action of the Mixograph is more
stretching and less kneading, while that of the
Farinograph is more a kneading and less a stretching.
This instrument gives a satisfactory measurement of the
rate of dough development, the duration of resistance
Against mechanical action, and the rate and extent of
increase in dough mobility as a result of mechanical
action. Although the action of the Mixograph is a
miniature duplication or full-scale bakery mixers, it
is too small to give good mixing results and further has
an inadequate temperature control. Another great
drawback is the lack of sufficient studies to develop
the techniqu~s to the nth degree. The Mtxograph may
serve to aid in flour classification when fine distinctions
between groups and types are not required. The mixograph
is therefore unsatisfactory for the ultimate purpose.
The Brabender Extensograph measures the force
necessary to distort a sausage of dough into the shape
of an elongated "Un until it breaks. This instrument
~~-Ir
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is probably the best commerciall~ used unit ror
determining the baking characteristics or a flour
since the ratio or dough extensibility to extension
resistance is a major ractor in obtaining optimum
baking results. ahen flour dough is expanded by either
fermentation or the expansion or gases during baking,
the gluten strands are, or course,.elongated and thus
the Extensograph's potential is immediately obvious.
However, be~ause of the complexity of the physical
structure of flour dough, there are other factors
beyond elongation which enter the picture and the
Extensograph thus leaves much to be desired.
The Alveograph, which measures the air pressure
required to bring a dough bubble to the bursting point,
measures rlour characteristics in only a very genBral
rashion, and requires exceptionally skilled operators,
and so this instrument is not often found in flour
research establishments.
The instrument currently considered best for the
purpose at hand is the Sohofield-Scott Blair-Halton
Extens.1meter whioh measures the force necessary to
stretch a dough cylinder on the surrace of an
essentially "frictionless" mercury or t'luorochemical
"surface. The resultant measure involves the viscosity
and shear modulus, the ratio of which is related to
structural viscosity, work hardening, gas retention
capaci ty, elasticity and its various manifestations,
and relaxation times, all or which are Bigni~icant
features of baking properties. It is obvious from the
description of the instrument, however, that it is not
the type or tool which could be used as a rood plant tool.
Its .present usage is thererore confined to the research
laboratory. (Scott Blair, 1952.)
The use of the Strain Gage Denture Tenderometer
as a flour dough instrument had been investigated
previously but only in a crude manner. For dough
evaluation purposes, the instrument was modified by
taping an aluminum disc to each biting surface of the
denture since the surface area of anyone tooth or
group of teeth is insufficient to impart a significant
force to the dough sampleo The sample was then placed
on the lower disc and the upper disc was placed in
motion. The masticatory motion of the upper denture
imparts a crusing and rotary motion to the dough, and
the resistance or the dough to this motion is recorded
through the strain gages and amplifier on the face of
the cathode ray oscilloscope. The force-time trace is
photographed and the deflections of the trace were
read as an index of the dough's resistance to the
"masticatory motion."
A Denture Tenderometer condylar adjustment setting
.ofL = R = + 15 results in contact of the upper and
lower discs even when a sample is present, and so the
distance between the discs was increased by altering
the condylar adjustment setting to L = R = f .20.
This increased the separatjon sufficiently that no
contact was made when a sample was present and thus
the force measured was that of dough resistance and not that
of mobile upper disc against stationary lower disc. The
usual cubic centimeter sponge ..rubber cube placed in a
fixed position between the discs served as a standard.
Two types of flour were tested in the instrument:
hard wheat flour with a protein content of 15% and soft
wheat flour with a protein content of 8%. The water
absorption used in each case was 14%. The doughs were
prepared on the Brabender Farlnograph by mixing eight
minutes :in the case of hard wheat flour and four minutes
in the case of soft wheat flour. Two percent salt
content was used in each dough as an aid to inhibit
sticking to the discs during testing.
The testing procedure consisted of photographing
one picture of free run, one frameof standard sponge
rubber cube and one frame of sample with two 1races~
A two cubic centimeter portion of dough weighing 12g.
was used for the test. It was placed in the center of
the bottom disc while the jaw was open and immobile.
Silicone stopcock grease was used to minimize sticking
of the dough to the discs. The masticator was switched
on and allowed to run through one horizontal time sweep
across the oscilloscope face.
Additional l2g. samples of the,doughs were placed
in a 30Pe. constant temperature-controlled humidity
chwnber and held for various time intervals prior to
testing since aging varies the physical characteristics
of a dough. The quantitative results of these tests
are summarized in ~ble no. XV.
The first bite deflection is the resistance of the
two cubic centimeter portion to the force of the upper
disc in compressing it to a i cm. high disc of dough,
the action of the first bite. The short height of the
dough after the first bite prevents any effect of the
lateral motion of the upper disc since this occurs at
a height of about 3/4 cm. above the lower disc. Thus
the average deflection represents the apparent resistance
of the dough disc to the crushing and front to rear
motion of the upper disc during the remainder of the
cycling. The opening deflection is the force necessary
to release the dough from the upper disc because of the
dough'S property of adhering to this disc. The closing
deflection represents the difference between the average
deflection and the opening deflection or the time
resistance of the dough to the masticatory motion.
Several factors affect the results: 1) the
masticatory motion, as created by the Denture Tender-
ometer, brings the top disc down on the bottom one at
TABLE NO. XV
De£lections Caused by Flour Doughs on a Modi£ied Strain
Gage Denture Tenderometer.
First Bi te Average Opening Closing
De£lection De£lection De£lection Deflection
Hard Wheat Flour:
Freshly made 43 nun. 35 rom. 14 rom. 27 rom.
Aged 40 min. 44 38 14 29
Aged 1 hr. 43 37 15 24
Aged 2 hrs. 42 38 14 28
Soft Wheat Flour:
Freshly made 37 DIn. 30 rmn. 11 mm.. 22 mmo
Aged 40 min. 39 30 11 23
Aged 1hr. 38 29 9 24
Aged 2 hrs. 38 32 12 23
Weakened Flour 33 mm. 30 rom. 17 mm. 13 mm..Doughs:
an acute angle thus imparting a horizontal rorce vector
which tends to push the dough disc out of the instrument;
the less the adhesiveness of the dough to the discs the
greater is this tendency. (However, the greater the
stickiness or the dough, the greater is the rorce
necessary to separate the discs on the upward motion
of the instrument and the consequently greater apparent
differences between doughs of varying adhesivenesses
regardless of the differences in flour qualities.)
2} The displacement or the dough disc ,wi thin the discs
results in a time variation or rorce because of the
differences in pressure on different areas or the
disc due to the angular approach or top disc to the
bottom. The time interval between bites is insufficient
ror any significant recovery if the dough has any
~ elastic properties. 3) The taped attaChment of the
discs to the teeth imparts a vertical rlexibility to the
discs which adds an extra variable to the results.
4) The rlexibility of the disc itself adds yet another
variable to the results.
A defatted rlour with SO compounds added
2
tends to make the dough very weak by means of breaking
the disulfide bonds of the gluten. The results of one
test run on this type of rlour are also shown in
Table no. XV.
The tabulated results indicate that the resistance
of hard wheat or strong rlour to masticatory forces is
1.8~
greater than defatted, SO - treated or very weak flour.
2
The stickiness of the very weak flour dough is the
greatest, hard second, and weak least. These results
agree with those of standard instruments and analytical
methods.
Tests were also run on the gluten which had been
prepared by washing the starch out of the doughs prepared
in exactly the same manner as for the tests above. The
lack of starch in the gluten removed the sticky qualities
and, as a result, the horizontal. vector of crushing force
of the upper plate forced the sample of gluten out after
the first bite. The results that were obtained indicated
that the closing deflections, or the true resistance to
mastication, for each typ~ of gluten was the same as
those for the flour doughs from which they were prepared.
This result indicates that perhaps the starch lends
no true strength to the dough. On the basis of two
samples per dough sample, however, this result 1s not
conclusive.
In summary, the use of a modified Strain Gage Denture
Tenderometer as a flour dough evaluation instrument was
investigated. SOMe correlation to flour quality was
achieved, but mechanical difficulties indicated that
major modifications would have to be made before the
instrument could be used practically. The results of
these preliminary studies suggested the mechanical
speci~ications which led directly to the design or the
strain Gage Dough Tester.
STUDIES ON STORAGE OF FROZEN SHRIMP:
The demand ~or Paneaus duorarum and P. Seti~erus,
the common shrimp o~ commerce has increased greatly
since WorJdWar II. A large percentage of its urban
consumers are located many miles from the Gul~ and
South Atlantic ports where it is lmded and further the
catch ~luctuates with season. For these reasons a
substantial portion of ,thecatch is frozen, either in
the raw or cooked state. The problem of product
deterioration in rrozen storage has been recognized
~or some time. There is an increase of toughness and
dryness in frozen raw shrimp due perhaps to actual
moisture loss because of inadequate packaging or to
protein denaturation and consequent protein structure
shrinkage and release of bound water from the tissue.
Frozen cooked shrimp also shows an increase of tough-
ness. Minimization of cooking time was shown to
decrease the deterioration. There is a patent on the
use of sodium phosphate or other alkaline salts as a
pre-cook soak in order to cut cooking loss as well as to
decrease toughness. Polyphosphates, of course, retards
protein coagulation by virtue perhaps of a pH alteration
and thus can promote tenderness.
1.8~
A recent study involved freezing cooked shrimp and
storing the product at freezer temperatures. At per-
iodic intervals up to a year, the shrimp was removed
from storage, thawed, and ju~ged organoleptically for a
variety of characteristics including physical properties.
Standards of fresh shrimp were used during each panel.
The results of these experiments showed that under
adverse storage conditions, pre-cooked frozen shrimp
show physical changes as soon as six months after initial
storage. These adverse conditions were gross variations
of storage temperatures-. However, in freezer storage
at a relatively constant -18°F., there was a little
physical deterioration as determined by the subjective
panel even after ten months storage. (Faulkner and
Watts, 1955.)
A complete study was carried out in the M. I. T.
Department of Food Technology on the effects of varying
frozen storage ccndltions upon the characteristics of
frozen shrimp. A portion of this study included the
periodic evaluation of the physical properti.esusing the
strm.n Gage Denture Tenderometer. The complete results
of this study up to a period of one year have beffi
reported previously. (Moore, 1955.) Reported below are
the complete results of product stored sixteen months,
including the techniques used.
The product used was pre-cooked blue-white jumbo
shrimp which was £rozen in conventional sardine cans,
about six shrimp to the can. Four di££erent types o£
packs were used: control or product sealed in the
can with no additive at atmospheric pressureu; vacuum,
the product packed dry under a 25 inches of mercury
vacuum; brine, the product packed in a can full of 1%
NaCI brine also under 25 inches o£ mercury vacuum; and
MSG, product dipped in a 3% solution o£ monosodium
glutamate £or 15 seconds prior to sealing in the can
at atmospheric pressure.
The cans were £rozen at -40°F., and immediately
split into two halves, one o£ which was stored at
OOF., and the other of which was stored at ~20oF.
The original plan was to split the sample into three
lots to be stored at OOF., -20°F., and -40°F., but the
temporary absence of -40°F., facilities prevented this
schedule £or the £irst £our months o£ the study_ However,
after the four months, one half of the lot in the -20°F.,
° .was stored in the ~40 F., for the remalnder of the study.
Samples were removed £rom frozen storage after
0, 2, 4, 6, 10, 13 and 16 months and tested in the Strain
Gage Denture Tenderometer to determine any changes in
physical properties as a result of time, temperature,
or environmental conditions. One can was thawed £or use
in each sample run. Ten two-gram samples were cut from
~8C
the midsections or the five or six shrimp present in the
can for testing. The Denture Tenderometer technique
used was the rorce-time diagram, 6 v. bridge, condylar
adjustment setting L = R = + 15, lateral adjustment
setting L = R - 0, and vertical deflection amplirication-
maximum.
The results or these studies are indicated on Table
no. XVI. The figures presented are the maximum vertical
derlections on first bite, the index of that property
which has hardness at its upper end and softness at its
lower end. Immediately evident is the progressive
increase~of hardness with time in frozen storage
regardless of the temperature or environment. One
of the most significant temperature effects was found
for the control shrimp which were packed with no
additives under atmospheric pressure. The product stored
at OOF., and "20°F., showed no particular differences,
but that product stored at -40°F., showed significantly
less hardening after 16 months storage. No temperature
effects were evident in either vacuum, brine, or MSG
packed shrimp.
V~ewing the results from another standpoint, there
were no significant differences between control, vacuum,
or.MSG packed shrimp stored at OOF., storage.
TABLE NO. XVI
Changes in Hardness-Sortness Characteristic or Pre-cooked
Frozen Shrimp in Freezer Storage.
Maximum First Bite Vertical Deflection-index
or Hardness as Magnitude Rises, Sortness as
Ma nitude Decreases.
Time in Stora e
Environment Temp. 0 2 16
Control OOF. 4.6mm 8.1mm.12.1mm. 11.8mm15.6mm11.9mm -...-20 9.1 10.2 1208 13.8 17.6
-40 -- 10.4 13.1 -- 16.5mmVacuum 0 4.9 7.8 9.8 9-~ 14.8 17.1 ---20 7.3 7.9 11: 15.4 15.8 18.1-40 -- 12.4 14.5 14.9 17.3Brine 0 6.0 5.6 10~5 11~4 1302 ---20 ...- 6.8 9.6 11~7 12.5 16.7 -...-40 -- 11.9 14~5 14.7 18.0MSG 0 7.2 10.6 12~6 15.9 16.9 --
....20 5.4 10.6 10.6 14.3 19.6 18.g....40 -- 11.2 14.1
The results indicate that pre-cooked shrimp
deteriorates in frozen storage with respect to masticatory
properties virtually,regardlessof the temperatures or
conditions of storage. The Strain Gage Denture Tender-
ometer has shown its ability as a tool for measuring
these properties in the product on thawing.
EXPERIMENTS ON SAMPLE BISCUITS:
These experiments utilized the Strain Gage Denture
Tenderometer as a possible means of objectively
evaluating certain properties, characteristically
determined in biting and chewing, of test biscuits.
Six sample biscuit lots, furnished by the research
laboratories of the National Biscuit Company (Nabisco)
New York, and normally used for testing purposes, were
evaluated. The experiments were conducted 1n cooperation
with Nabisco personnel with the express purpose or
comparing 'Denture,Tenderometer to Nabisco subjective
panels and objective instruments, with a view to using
it as a control and/or research toolo
FORCE~PENETRATION FIGURES:
The food used was a test biscuit much like the
commeroial Nabisco tea biscuit or wafer. Six similar
biscuits were tested, each or which had approximately
the same dimensions on Nabisco subjective and objective
scores, but sufficiently different as to be considered
different from each other. Since force-penetration
tiguresgive readings indicative of a variety of
masticatory properties, and are useful in the normal-
ization for small variations in sample size, rather
than just to indicate the hardness-softness scores
of force-time figures, the force-penetration technique
was used on the six samples. After running several
biscuits through the ~nture Tenderometer at settings
bridge voltage 9 v., condylar adjustment L = R ::+ 1.5,
lateral adjustment L = R = 0, oscilloscope vertical
deflection amplification maximum, the condylar setting
was varied so as to assure that the dentures were
actually masticating the relatively thin biscuits. The
other-condylar adjustment settings were L = + 10, R = i 1.5,
and L = t 10, R =.0 Which give a left first molar separations
at minimum spacing of 1.0 rom.and 0.5 rom.,respectively.
Four duplications were made on each sample at each
condylar setting. In addition to the force-penetration
tests, another technique called the ~- value test was
used.
Samples for all the tests were cut from center
8ections of the biscuit dis8. The bite was parallel
to the central axis of the disc, exactly as would be
done in the mouth.
The Nabisco research laboratories supplied information
on the test biscuits as determined by _standard methods
used in the industry. Three tests are generally used:
subjective evaluation, shortometer reading, and break
test. The subjective evaluation is performed by an
unknown number of judges who ranked the biscuits in
order, with rank no. 1 being the most tender biscuit
and rank no. 6 the least tender. The biscuits coded with
1, 2, 3, and 4 were standard formula products with nos.
I and 2 differing only in thickness. Nos. 3 and 4
were specially treated, but differed from each other
only in thickness. Biscuit with code no. 5 had less
shortening and no. 6 had more Shortening in the form-
ulation than did the standard. The shortometer reading
is the force in poUnds required to force a plunger through
the center of the biscuit. The break test result is
the weight required to break a biscuit with the force
in grams exerted on the top center of the test biscuit
while its edges rest on bars.
The Nabisco information is given here:
Sample Code Thickness Subjective Shortometer Break Test
(rom) Evaluation (lbs.) (grams)
1 4.60 4 10.9 (10.9) 408 (408)
2 5.40 6 12.2 (10.4) 515 (438)
3 4.00 1 7.4 ( 8.5) 362 (347)
4 4.75 2 10..0'( 9.7) 405 (392)
.5 5.40 5 9.9 (8.S) 451 (384)
6 4.60 3 10.3 (10.3) 381 (381)
The figures in the parentheses indicate the data
normalized or corrected to a standard thickness.
Some of the force-penetration results are indicated
in Table no. XVII. None or the Nabisco evaluations are
measures or either the crispness-brittleness characteristic
or the elasticity.p1asticity characteristic, neither or
the Denture Tenderometer objective measurements of the
equivalents of these characteristics are tabulated.
Since the close interrelationship or the hardness-softness
and toughness-tenderness characteristics has been shown.
only the measure of the former Characteristic, the
maximum vertical deflection, is tabulated.
Here, one must first study the Nabisco laboratory
data and note. that of the three test methods used, the
methods agree reasonably well for only the biscuits
with code nos. 2 and 3. There are wide deviations
between the results obtained for any of the other
biscuit samples. Further, none of the three methods
has been established as the standard, and since there
is a wide variation between results obtained from test
methods, there is no good standard for these products.
Comparison of Strain Gage Denture Tenderometer
results with those of the Nabisco test methods shows
a similarity. Again, there is a variation of relative
hardness characteristics for all samples except codes
2 and 3 which also show agreement. This result indicates
:.ilIgr
_'i ... '"
TABLE NO. XVII
Normalized Hardness-Softness Characteristic as Measured by
Maximum Vertical Derlection or Force-penetration Figures of
Nabisco Test Biscuit.
Normalized Maximum Vertical Deflectjons
Sample Condylar Condylar CondylarCode L=R=...lO L=+10,R::+15 L=-llO,R=ONo.
1 16.6 rom •. 13.2 mIn. 28.0 mm.
2 20.4 16.6 25.2
3 16.5 16.8 2400
4 17.8 15.6 36.8
5 16.2 14.1 29.0
6 16.6 13.9 31.4
that the Strain Gage Denture Tenderometer is every bit
as good ~or evaluating biscuits as any of the so-called
standard methods.
CONCEPT OF THE Q-VALUE:
The force-time figure of masticatory force as a
function or time yields maximum reaction forces in
first and subsequent bites by simple measurement of
maximum deflections. Bites after the first are
difficult to interpret because of the variable manner
in which samples disintegrate after the first bite.
The Denture Tenderometer is not equipped with a tongue,
lips~ or cheeks to re-position the food between the teeth
after each bite and thus expose a fresh surface to
mastication, nor salivary glands to moisten the food
and thus aid in its disintegration.
In the mouth, the masticatory properties are often
not the original force required for the first bite,
but that required for subsequent bites. Thus, an index
of what happens on bites succeeding the first might
give a better: index of masticatory properties, especially
perhaps of the crispness-brittleness characteristic.
To determine if the quantitative aspects of this
rate of fall-off of force requ~red on succeeding bites
is of significance, the following studies were under-
taken. Samples were placed in polyethylene bags which
were heat sealed and then provided with air relief holes
so that the reaction forces would be those from food and
not from compression of air present within the envelope.
The polyethylene bag was then manually manipulated
between bites to position unchewed particles in a compact
mass in this manner may be compared to the situation in
the human mouth when the tongue, cheeks, and other
fleshy portions of the mouth, perform this function.
Tne force-time diagram was used in this case. The
index was arbitrarily given the symbol Q, after the
electronic decay rates of curves. It was obtained by
performing force-time studies as usual with the exception
of the manual repositioning of the food between the teeth.
The Q value was calculated by measuring the maximum
vertical deflection on first bite and calling it Zl'
and the maximum vertical deflection on second bite and
calling it Z2. The.Q value was then taken as In Z2/Zl.
The tests were carried out with condylar adjustment
settings of L = R = ~ 15 and L = + lO,'R = 0, both
without benefit of the polyethylene enclosures and the
letter also in polyethylene bags as described above.
The results are presented in Table no. XVIII.
Also recognized was the effect of saliva upon the
reaction force of food within the mouth and also the
'Denture Tenderometer. Accordingly, attempts were made
to simulate this action by adding small quantities of
TABLE NO. XVIII
Q-Va1ues of Nabisco Test Biscuits
Sample No.
Condylar:
L.R=-t15
1 7.3 rom. 4.3 Mm. o~531
2 7~O 3~5 0.693
3 5~3 3.5 0.412
4 8.3 4.0 0.732
5 7G8 4.3 0.593
6 7.3 3.8 0.652Condylar:
L=.f10,R;:O
7~5 0~5481 13~02 ~6~0 8~5 0..631
3 10~2 6.0 0.531
4- 12.'.$. 6.8 0.610 .
5 13.2 6~8 0.6476 12.0 7.5 0.470Condylar:
L=+lO,RaOIn polyethylene
Bags
0.4641 17.5 11.0
2 18.5 10.5 0.565
3 14.5 7.5 0.658
4 19.0 10.0 0.642
5 20.0 15.0 0.223
6 16.0 10.0 0.470Condylar:
L=+10,R.Owith 1 drop water
added between bites
2 12.5 6.0 0.732
3 10•.5 6.5 0.482Condylar: L=+10,R::O
wi. th 2 drops water
added between bites
2 15.0 9.0 0.482
3 12.5 7.0 0.520
water to the masticated biscuits between bites and again
calculating Q values. The results or these tests are
also indicated in Table no. XVIII.
No attempt ~as made to correlate the Q values to
subjective :Interpr-etationsand so the results have very
little signiricance rrom an absolute viewpoint. However,
examination or these values indicate the presence of
dirrerences between magnitudes for products with
dit'f'erentcharacteristics. Far more extensive studies
would be required to determine the true meaning ot' these
results.
More important is the recognition that the damping
factor or Q- value undoubtedly has as much value in
objective measurements as it does in h~ subjective
e~aluation. The t'actthat the great bulk of'studies
reported are based on only first bite analyses merely
indicates that a great deal of'information is obtainable
from such studies. This doesr-not'preclude,-the;~probability
that much supplementary int'ormation may be obtained
by just as careful studies of bites subsequent to the
first.
STUDIES ON BAKED GOODS:
The amount of'leaVt;,u"u. LJal'\."u. ~Uvu.D ~UUD l.U1.L"U. uo...J...L3
in the world in both weight and dollar value would
stagger the imagination. Each baked good, be it one
of the wheat breads, rye breads, cakes, pastries, or
one of'the infinite number of'other productsJhas masticatory
properties peculiar to itself. That the measurement of
these physical properties of these products is o~ concern
to the baking industry was pointed out above. The
formulations, leavening and processing conditions, and
final bake all affect the fresh quality. At this point,
the process of staling sets in, and the products deteriorate,
often at a rapid rate, depending upon the storage conditions
and initial product.
In Figure no. 26 are shown force-penetration diagrams
obtained for several different types of baked goods,
including white and pumpernickel breads, French roll,
glazed hard roll, matzo, and bagel. The hardness-aoft-
ness and toughness-tenderness characteristic values
differ considerably for the different baked products.
Amazingly enough, the force-penetration figures all have
similar shapes, which are distinctive compared with those
obtained for other foods.
BREAD FROM IRRADIATED FLOUR:
The raw material common to all baked goods is flour,
a product just as variable as the finished good, depend-
ing on variety, areagrown, climate, and mill.ing
procedure. In recent years, the irradiation of flour
has been suggested as a possible means for freeing this
material from insects and also from microbial forms
such as bacterial spores and molds, both problems in
storage of flour and baked goods. The studies were
undertaken to study the changes which may be undergone by
FORCE- PENETRATION DIAGRAMS FROM
STRAIN GAGE DENTURE TENDEROMETER
OF ASSORTED BAKED GOODS
FIGURE NO. 26
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wheat flour which has bean subjected to ionizing radiations,
especially those changes which may a~~ect the rheological
properties of flour products. This study was divided
into two sections: the study of flour doughs made from
irradiated flour by means of the Brabender Farinograph
described above and presented here as a matter of
interest; and the study of breads made from such doughs
by means of subjective observation and objective measure-
ment of masticatory properties by means of the Strain Gage
~nture Tenderometer.
The raw material used was Washburn's Gold Medal
Full strength flour made from hard Spring wheat, a
commercial bread flour made by General Mills. For
purposes of irradiation, 400 g- lots were weighed out
and plac.adin polyethylene sleeves about 40 inches
long (normaDr 6 inches across, but heat sealed so as to
be only three inches across.) The sleeves were heat
sealed at one end and sealed with cellophane tape at the
other end. ~e sleeves filled with flour were held at
room temperature prior to irradiation in the beam of
a 2 - 3 MEV Van de Graaf generator, a cathode ray unit.
The thickness of the flour at all points did not exceed
one-half inch.
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The samples and doses:
SAMPLE DOSE
A 0...control
6 REPB 0.5.10
C 6 REF1.0.10
6
D 1.5.10 REP
E 6 REP2.0.10
6
F 2.5.10 REP
The samples were held at room temperature for the short
period which elapsed between irradiation and testing,
the first step of which was carried out in the Rheology
Laboratory of the First National Stores Laboratories,
Somerville, Mass.
The original plan was to determine the water absorp-
tion and developmental time for each of the samples and
to prepare sufficient dough for baking one pup loaf for
testing in the Denture Tenderometer. However, each
Farinograph charge requires 300g. of flour, and there
was therefore insufficient sample for both purposes.
Ideally, the water absorption and developmental
time should be determined for each sample, and then
sufficient dough should be prepared for two full-sized
loaves, one each for subjective evaluation and Denture
Tenderometer testing, a total of about 1500g. of flour
required.
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In the absence of sufficient sample, it was decided
to determine water absorption and developmental time
on a fresh sample of the original unirradiated flour
and using the former of the two figures to prepare the
five irradiated and one control sample. The necessary
basic ingredients for bread making would be added to
the Farlnograph and would be mixed in while determining
the developmental time for each of the samples -- the
total mixing time would be constant for each of the
samples and would be equal to the developmental time
of the fresh original unirradiated sample.
Definitions used: Absorption: Percentage weight
of water based on flour required to produce a dough of
standard consistency of 500 Far~nograph units. Absorp-
tion is a measure of hydration capacity of flour.
Development time: Mixing time required for dough
to reach maximum consistency.
Degree of softening: Drop in consistency: the
number of Farlnograph units the Farinogram falls off
from its maximum at a point 15 min~tes after reaching
its maximum.
In order to determine the water absorption, the
procedure was to weigh 300g. of flour into the Farlnograph
bowl maintained at 3000. After starting the Farlnograph,
water at 30°0., was added to 63% and the Farinogram was
observed -- the line should touch the 500 mark at the
three minute mark. The line was allowed to oscilBte
around the 500 mark by adding water dropwise until
the Farinogram went up by itself indicating a softening
of the dough without further addition of water. The
amount of water added is the absorption, 66% for this
flour.
The procedure for determining the development time
was to add 300go flour to the mixing bowl, to add the
correct amount of water as rapidly as possible and to let
the curve to run itself.out. ~e time from zero to
reaching the maximum height of the curve is the develop-
ment time, an index of the flour streng.~. The amount
of softening was determined from this same curve by
measuring the number of Farinograph units the curve
falls back at 15 minutes after the maximum is reached.
'Ihedegree of softening is an index of mixing tolerance.
The development time of the original flourdough
was 8~ minutes and the softening was 105 Farinograph
units.
The formula for the bread dough was:
% on flour basis Grams
Flour 100.0 30000
Sugar 5.0 15.0
Salt 2.0 6.0
Yeast 3.0 9.0
Yeast Food 0.34 1.0
Water 66.0 198.0
The procedure to determine the developmental time
of the irradiated flours and to prepare the dough for
bread: 300g. of flour were weighed out and added to the
Farinograph bowl with 100 cc of a sugar-salt solution
(sugar,~ 150g.; salt, 60g.; water, to 1000cc;) 98cc
of water-in-yeast dispersion was then added. The
ingredients were mixed for at minutes, the development time
for the flour with no additive. A dough was prepared
from each of the five irradiated and one unirradiated samples.
Curves plotted from the mean values of the original
Farinograms for the control and the irradiated samples
are shown in Figure no. 27. These curves show the
qualitative differences between the Farinograms. There
was a significant change in the mixing prope"rties of
the dough with increasing radiation dose, and the
developmental times for the doughs (separately determined)
decrea~ed from 17% minutes for the non-irradiated flour
to 2i minutes for the flowr irradiated at 2.5 million REP.
Figure no. 28 shows the developmental times plotted
as a function of dose. The curve relating the developmental
time and dose is smoothly decreasing and is approximately
logarithmic. Suoh a result is indicative of a break-
down of gluten strands as a result of the interactjon
of the radiant energy with the protein linkages.
In order to prepare the pup loaves, the dough was
removed from the Farinograph mlxi~g bowl and placed in
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a glass beaker and held at 30°C., £or 2 hours at 85% RH.
The dough was punched, proo~ed, repunched, scaled to
l65g. and placed in baking pans which were proofed at
30°0., and 85% RH ~or an additional 30 minutes. The
total rermentation time was 3! hours.
The f'ermented dough was molded and reproof'ed in a
40 minute pan proof'.
The bread was baked in a rotary oven for 25 minutes
at 400°F. After baking, the bread was removed rrom the
pan, cooled, weighed, and its volume determined. The
loaf' was then evaluated ,subject1vely.
The loaf volume unif'ormly ran 450cc for theirradiated
sa~ples and 400cc for the control. The loaf weight was
a relatively unif'orm 140-142 grams.
The crust colors were all relatively light, but
di~ferences were evident, with slight increases in
color at higher dose level. A similar progressive
darkening of' crumb color with increasing dose was also
apparent. A subjective taste panel who tested the
loaves could not give conclusive results as to masticatory
properties, f'lavor, and appearance. It was evident,
however, that the texture was considerably non-uniform
in all the loaves.
In an attempt to obta:ln objective measurements or
the masticatory properties of' the different breads,
tests were made with the Strain Gage Denture Tenderometer.
The bread was trimmed of crust and cut into one cubic
centimeter cubes which were used to prepare force-
penetration figures. The Strain Gage Denture Tender-
ometer settings were condylar adjustment setting,
L = + 5, R _ 0; lateral adjustment setting, L ~ R ~ 0;
bridge voltage, l2v.; vertical deflection amplification
maximum. Sixteen replicates were made for each sample.
Figure no. 29 shows the results obtained with the
Denture Tenderometer used for testing the different
breads made from the flour irradiated with different
doses of cathode rays. The histogram bars show the
mean values of maximum reaction forces obtained
for the sixteen different samples cut from the interior
of each loaf. The maximum reaction force is, of course,
the index of the hardness-softness characteristic. The
black inserts show the limits of error at the 95 per cent
level. There are no significant differences between the
results obtained at the various doses. However, the
control loaf showed a slightly greater maximum force
(or more hardness) than the irradiated loaves. This
difference may not be ascribable to irradiation, however,
as it must be recalled that the difference between the
mixing time and the development time was greater for
the conrtol sample than that for the other samples.
(Proctor, 1956 b.)
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TENDERNESS OF BREAD BAKED FROM FLOUR
IRRADIATED AT VARIOUS DOSES OF 3 MEV
CATHODE RAYS.
FIWRE NO. 29
These results indicating a progressive breakdown
or gluten structure, increase or volume, and loss or
color and textural unirormity with increasing radiation
dosage have since been reported elsewhere. (Gilles, K8s10w,
and Andrews, 1956; Brownell, 1956; McWilliams, 1956.)
STUDIES ON SOFT CAKES:
These experiments utilized the Strain Gage Denture
Tenderometer as a possible means of objectively evaluat-
ing certain properties, characteristically determined
in biting and chewing of soft cakes. ~e samples
used were obtained from a nearby grocer's shelves
and are typically of commercially baked and packaged
cakes sold in the Cambridge area. The results were
used to compare the masticatory properties of
difrerent cakes after dirferent time intervals of
in-package storage at room temperature.
Seven samples of commercially baked and packaged
sort cakes were purchased. These included:
1. Golden Pound Cake - Ward's Tip-Top.
2. Marble Pound Cake - Drake's.
3. Pound Cake - Drake's
4. Frosted Marble Pound Cake - Ward's Tip-Top.
5. Sponge Layer cake - Drake's.
6. Frosted Devil's Food cake - Ward's Tip-Top.
7. Frosted Creamy spice Cake - ~ardts T1p- Top.
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TWo of the Drake's marble pound cakes were purchased,
one on each or two consecutive days. Initial tests were
conducted on the Tip-Top Golden pound, one of the Drake's
Marble Pound,Drake's Pound, and on the Tip-Top frosted
Marble Pound cakes on the day purchased. Initial tests
on the remainder of the cakes were conducted one day
after purchase. Initial tests were conducted on all
cakes immediately upon opening. The cakes were replaced
in their packages whioh were reclosed by folding the
cellophane film in a drug store wrap. After allowing
the cakes to remain at room temperature for three days,
the packages were reopened, and tests were again conducted.
Individual samples were prepared from one centllneter
thick interior slices. The slice was trimmed one
centimeter deep on all sides to remove all surface crust~
frosting and dry material, and one cubic centimeter samples
were then cut from this interior crumb. In the case of the
Drake's Marble Pound cake whi.chhad two distinctive layers,
chocolate and white samples were cut from each portion.
The cubes were ~ ed to prepare force-penetration figures;
sixteen replications were made and the data taken there-
from were averaged to give the tabulated data. The
samples were placed between the teeth so that the bite
was directed upon a surface which would ordinarily
correspond to the upper surrace or the portion taken
into the mouth. The instrument settings were suCh that
the minimum spacing between the left first molars was
one-half millimeter: condylar adjustment setting,
L • + 10, R = OJ lateral adjustment setting, L = R = 0;
12v. bridge voltage; vertical deflection amplification,
maximum.
Table no. 19 presents pertinent measurements of
the force-penetration diagrams obta:i.nedfor the cakes
tested. The data have been normalized to account for
slight variations in sample size.
The data indicate that spice cake shows a significantly
greater hardness than other cakes. Furthermore, the
spice cake results show no significant hardness decrease
with time indicating a smaller tendency to change with
time, possibly due to the humectant action of the fruit
within the cake crumb. The remainder of the cakes show
a decrease of hardness with time presumbaly due to a
greater ease of crumbling ability of the crumb with
increased storage time. The 'Drake's marble pound cake
shows increases of hardness at certain points. However,
in this particular case, the data was taken from two
separate cakes. The two cakes might have differed to
give results which are not significant with respect
to change with storage time in a given sample. Similar
considerations hold for the toughness-tenderness character-
istic.
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TABLE NO. XIX
Normalized Measurements of Force-penetration Diagrams of
Various Soft Cakes.
Product Age Y2 Q tan Q Total Area Ao
-
Ward r s Tip Top Od 21.2mm. 79.70 5.59 16Golden Pound Cake 3 10.5 57.3 1.57 12
Drake's 0 14.6 77.6 4.78- 11Marble Pound Cake 1 1~.8 76.0 4~24 10Chocolate Portion: 3 7:~ 43.0 0.94 84 51.7 1~23 9White Portion: 0 18.1 77~9 4.90 141 19.3 76.8 4.75 133 762 52~1 1.32 10
4 9.2 60.4 1.82 9Drake's
Pound Cake 0 17.9 78.0 4.89 12
3 9.5 52.6 1.65 8
Tip TopFrosted Marble 0 15.4 74.8 4.09 13Pound Cake 3 8.2 54.0 1.40 8
Drake's
Sponge Layer 1 14.6 76.3 4.43 10Cake 4 6.7 48.3 1.15 6
Tip Top
80.4Frosted 1 22.7 6.03 17Devil's Food Cake 4 10..3 59.7 1.77 9
Tip Top
81.0Frosted Creamy 1 24.7 7.04 22Spice Cake 4 24.2 73.5 3.87 22
The data or tan S as a function of time also show
significant decreases with time indicating a loss of
crispness, suggesting a possible increase or crumbliness
in this short storage period.
FUrther interpretation or the data obtained in this
experiment would require examination of other objective
and subjective data obtained on similar soft cakes.
The results obtained herein correlate reasonably well
with the trend of subjective results generally obtained
and point the way to further, more complete and more
conclusive tests. Such tests can suggest highly useful
methods for objective measurement of soft cakes by the
Denture Tenderometer.
EVALUATION OF CONFECTIONERY PRODUCTS:
The annual production of cany products in this
country is just short of three billion pounds valued
at slightly less than two billion dollars'at the retail
level. Included in this enormous tonnage of sweets
consumed are varying quantities of literally thousands
of different types. The largest New England can~y
manufacturer, for example, at one time produced over
1500 different kinds of candy in its plant. Now, this
same company has reorganized and yet it still produces
OVer 125 different types ~ candy.
Among the more popular candy products are the
chocolate bar, the chocolate of chocolate coated ball
of crystallized flavored sugar, the chocolate coated
candy bar, gum drops, jelly beans, chocolate covered
nuts, peanut brittle, and S) on. Virtually every
one of these products is a rigid or semi-rigid material
whose masticatory characteristics are often their
primary source or delight to the consumer. The physical
properties are generally a runction cr the ingredients,
and the processing conditions which are virtually wholly
on a batch-wise artistic basis, controlled by an ex-
perienced candymaker and therefore also very subject to
the human element. The problem of day-to-day and even
batch-~tch variations in product has long plagued the
candy industry which has not seen fit to mechanize its
production and thus even out some or these variables.
However, there is relatively little deterioration of
product in storage, and so this aspect is not a particular
problem to the industry_
The question of the measurement of the physical
properties of candy products ror either laboratory
research or quality control hae not been attacked to any
great extent. The possible use of a method to aid in
the automation of cany production may not even have
been considered yet. Described above have been the
Bloom Gelometer designed for gelatin gels and unchanged
in several decades, and the Penetrometer, equally old
in concept. The wide variety of masticatory properties
which are inherent to candy products range from the
rubbery of marshmallows through the chewy of caramels,
from the brittle of peanut brittle to the soft of
nougat, etc. The concepts of this variety of properties
have been recognized recently and have been described
above. However, the objective measurement of these
physical .properties remains the exclusive realm of'the
two penetration type instruments which are obviously
inadequate to quantitize the gamut of properties met
in thousands of products of the candy industry.
It 1s apparent that with the variety of'products
manufactured by even one compm y, a.large number of
instruments and techniques for objective measurement
would be unwieldy •. The potential of a single apparatus
which could perform the tasks rapidly and simply would
bevir~ally unlimited. Such a device is the Strain
Gage Denture Tenderometer whose accuracy and precision
for such purposes have been vdidated above.
In the following studies, var ious products of the
confectionery industry were s~died from a masticatory
viewpoint in order to compare various products, various
brands of different products, to compare similar types
ot products, and to evaluate products which had been
held under various conditions of storage. The results
of these studies have been reported elsewhere
previously. (Proctor, 1956&, Brody, 1956a and b, Smith,
1956. )
CANDY PRODUCTS:
Force-penetration figure techniques were used in all
the studies in order to best evaluate the greatest
number of properties and to normalize the data tor the
size variable. Various products were tested using
instrument adjustments best suited to their peculiar
Characteristics. In every case, however, sixteen
replicate samples were tested and the measurements
taken from them were averaged and normalized for
evaluation and comparison.
A variety of candy products were obtained from the
Necco Company, Cambridge, Mass., and were tested and
compared to demonstrate the instrument's versatility
and ability to measure the tenderness-toughness character-
istic of a wide range of candy products. The results
of these tests are shown in Figure no. 301- ihe]a at
column labelled "tenderness index" may be considered as
an index of the toughne~s-tenderness characteristic
although it was actually the average maximum vertical
deflection of the force-penetration figures of the
products. However, two factors allow the use of this
hardness-softness index as the approximate relative
toughness-tenderness index: the hardness-softness
Characteristic comprises a major portion of the
toughness-tenderness Characteristic, and the ohange in
instr~nt sensitivity between products ~recludes the
comparison of areas because of the variations caused in
curve widths and shapes.
The instrument's controls, of cour~ allow a wide
range of sensitivity factos which require the multiplication
of the actual force-penetration figure measurement by
the factor in order to bring the maximum vertical
deflections to a common base level for comparison. These
multiplication factors are a function of bridge voltage
only in this case, and were based on 12v. bridge as base.
The instrument settings for this series of tests were
condylar adjustment setting, L : + 10, R = 0; lateral
adjustment setting L = R = 0; vertical deflection ampli-
fication, maximum. The bridge voltages used for each
the products (the consequent sensitivity factors are
shown on the figure:) fresh chocolate fudge, 12v.;
fresh starch jelly, marshmallow, and chocolate covered
centers of peppermint patties, 6v.; 7-day old starch
jelly, 4t v.; pectin jelly, gum drops, chocolate caramels
and chewy nougat, 3 v.; short nougat, and clear and
grained hard candy, l!'.'vo
The total results including those shown in Figure
no. 30:
STRAIN GAGE DENTURE TENDEROMETER VALUES OF
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ASSORTED CANDY PRODUCTS
SENSITIVITY TENDEROMETER
FACTOR VALUE
CANDY PRODUCT
BRAND A
CHOCOLATE FUDGE
BRAND B
MAR SHMALLOW
FORCE - PENE-
TRATION FIG-
URE
•
•
.. x 0.88
x 1.75
8.8
36.4
BRAND C
CHOCOLATE COVERED •
PEPPERMINT PATTY x l.75 60.2
BRAND C
GRAINED HARD CANDY •
BRAND 0
CHOCOLATE CARAMEL
BRAND E
GUM DROP
BRAND C
CLEAR HARD CANDY
•
•
•
x 7.0
x 3.5
x 3.5
x 7.0
89.6
94.0
129.0
191.0
FIGURE NO. 30
Product
Campfire marshmallows
Lewis gum drops
Necce jelly beans
Necce clear hard eandy
Neeco grained hard candy
Necco chocolate caramel
Necco short nougat
Necco chewy nougat
Neeco pectin jelly
Necco fresh starCh jelly
Necco 7-day old starch jelly
Necco peppermint patty
centers
Necco chocolate covered
peppermint patties
Necco chocolate fudge
Sens itivi ty
Index
x 7.0
x 7.0
X 7.0
X 7.0
X 3.5
X 1.0
X 3.5
X 3.5
X 1.75
X 2.33
X 1.75
X 1.75
X 0.88
Normalized
Tenderness
Index'
191.0
89.6
94.0
141.8
123.9
69.3
35.4
75.7
44.8
60.2
8.8
The results indicated above and the force-penetration
figures shown correlate well with the subjective in-
terpretation, freSh chocolate fudge being the softest
product and :."TcI;ear':, hard candy being the hardest wi th
the other products falling in between in their proper
subjective order. The gum drops depicted were relatively
old and hard and thus show greater deflections than would
the fresh product.
Exam ination of the figures further show s the typical
plastic behavior.of fresh fudge with the discontinuity
indicating the very slight drying of the surface.
Marsbmallowsshow the typical elastic or rubbery
curve as do gum drops. The hard candies show the
typical sharp rise and fall-off of the crisp or brittle
product. The chocolate covered peppermint patties
display the disoontinuity indicative of..breaking
through the chocolate layer into the fondant center.
In another study, marshmallows of unknown age were
purchased from a nearby supermarket. Plain and coconut
covered marshmallows of the same brand, both packaged
in cellophane, and another brand packaged in a chip-
board carton with waxed paper overwrap were tested.
Sixteen marshmallows of each sample were tested upon
purchase and two remaining unopened packages of each
sample were stored at room temperature for testing
after seven and fourteen days. The resultant curves
shown in Figure no. 31 are the hardness-softness
characteristic plotted as a function of storage time.
These results indicate that all of the marshmallows
change in masticatory properties on storage with the
coconut-oovered product showing the more rapid hardening,
probably coincident with moisture removal. One brand of
marshmallows showed a decrease of reaction forces after
seven days of storage, but this decrease 1s not considered
MARSHMALLOW STUDIES
80 STRAIN GAGE DENTURE TENDEROMETER
MAXIMUM VERTICAL DEFLECTIONS
AS A FUNeTION OF STORAGE TIME
o 0 BRAND A MARSHMALLOWS
C)- .. --t> BRAND A COCONUT-COVERED
.---. BRAND B MARSHMALLOWS
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FIGURE NO• .3l.
significant within the limits of error of the test.
There was also an increase in tan 9 with time
indicative of an increase in the crispness property,
a result well-known to the consumer.
The results of a similar study on jelly beans and
two brands of gum drops are Shown on Figure no. 32.
Again, the samples were obtained from a nearby Buper-
market's shelves, tested using sixteen replications,
and retested after seven and fourteen days. The only
significant conclusion which may be drawn from these
curves is the great difference which exists between two
brands of gum drops. The randomness of the points
indicates changes in masticatory properties with storage
time which should be more carefully studied in order
to draw any conclusions.
~e results of a study of gum work in which starch
jellies were held under a controlled factory storage
conditions are illustrated in Figure no. 33. Graphically
evident is the hardening which this type of product may
undergo wi th time.
A wide variety of caramel products are manufactured
and sold today. These are crystallized sugar products
in which the crystallization is retarded by the action
of a dairy product such as butterfat, milk or cream,
depending on the grade of the product. Caramels may
be flavored and may have a number of added ingredients
224
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TIME •
such as nuts. Samples of typical products were
obtained from nearby candy plants and tested using the
force-penetration technique in order to compare similar
products which are supposed to have the same physical
properties, according to the plant quality control staff.
The results shown in Figure no. 34, very vividly depict
the batch differences between caramels of the same brand
but different flavors which are supposed to be identical
except for the flavor, and also between similar products
of different manufacturers. The objective results
agreed well with the qualitative subjective observations
of an informal panel.
Oddly enough, tan 9 indicative of the crispness
characteristic showed the identical trends for
caramels. Not unexpected was the similar trend for the
tenderness-toughness characteristic.
Three types of chocolate fudge were also obtained
from a nearby candy plant and tested using sixteen
replicate force-penetration figures. The results using
cubes i inch on a side taken from s~mples of chocolate,
chocolate marshmallow, and chocolate nut fudge, are
shown in Figure no. 35. The very high reaction force
of chocolate nut fudge is apparently due to the nut
additive. Again, the crispness and toughness-tenderness
characteristics show the same trends as do the hardness-
softness characteristic.
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FIGURE NO. 35
A food product used in many confectionery products
is gelatin whose physical properties are often evaluated
by means of a Bloom Gelometer described above. Figure
no. 36 shows the Denture Tenderometer reaction forces
as a function of Bloom Gelometer rating. Results with
the Strain Gage Denture Tenderometer compare favorably
with those of the former instrument, which, incidentally,
is utilized only for gel structures while the strain
gage instrument has indicated its value for a wide
variety of foods.
CHEWING GUM STUDIES:
Chewing gum constitutes a not insignificant fraction
of the annual output of the confectionery industry.
Studies on this product were divided into two series,
one concerned with samples purchased at random and the
other concerned with samples supplied by a large man-
ufacturer. Chewing gum constitutes a not insignificant
fraction of the annual output of the confectionery
industry. The nearby supermarket'sdlelves yielded
a plentiful variety of stlck-rorm chewing gum of un-
known history for testing purposes. Figure no. 37
shows the results of a chewing gum study identical to
that performed on the marshmallOWS, gum drops, and
jelly beans. The tests were not designed, however, to
test the chewiness of the product, but rather to
evaluate the stick itself for changes in its physical
properties in the package. All the samples except brand
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C which is in the form of a chunk...type stick rather than
the flat stick show significant increases in reaction
force, that 1s, hardening.
More significant, and a well known fact even to
the layman are the curves shown in Figure no. 38.
In this study, the sticks were removed from their outer
package and stored at room temperature in their stick
wrap only. The increase in reaction forces, that is,
the hardening, is very pronounced for all brands and
all types of chewing gums tested. It may be noted here
that each of these products doubtless was composed of
different ingredients, was packaged 1n different materials,
and had different surface to volume ratios due to shape and
the presence or absence of scoring on the stick. The
results indicate that differences which exist between
types of gums and differences due to storage and pack-
aging may be accurately measured.
The second series of experiments on chewing gum
was carried out with the cooperation of the American
Chicle Co., New York who supplied the samples. ~e
samples tested were two chewing gum bases and three
chewing gum products; Dentyne, Beeman's Pepsin, and
Adams Peppermint Chic1ets. These were obtained from
local stores and directly trom the manufacturer's more
recent packe. The torce-penetration technique was used
for this series which also marked the first use in a study
IN-STIOK WRAP CHEWING GUM STUDIES
DENTURE TENDEROMETER
eo VERTICAL DEfLECTION AS A
FUNCTION OF STORAGE TIME.
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of the.concepts of hardness-softness, crispness-
brittleness, elasticity-plasticity, and"toughness-
tenderness. The instrument settings were the same as those
used in the first chewing gum series: condylar adjustment
setting, L = + 10, R • OJ lateral adjustment setting,
L = R = OJ bridge voltage, 9 V.i and vertical deflection
amplification, maximum.
The experimental procedures are outlined here.
Samples of gum bases coded 2589 and 2931 were cut into
cubes 0.8 cm. on a side and tested in the Denture
Tenderometer to ascertain any differences between the
products.
Recently packed samples of Dentyne, Beeman's Pepsin,
and Adams Peppermint Chic1ets were obtained from the
manU£acturer, and samples packed approximately one month
previously were obtained from local merchants. These
products were removed from their packages and tested
in the Denture Tenderometer. 'lheDentyne and Chiclets
were tested as iSi the Beeman's sticks were too thin
to give significant results, and so these were doubled
on themselves in order to be tested. In addition, the
candy coat was removed from some of the samples of
Chic1ets by soaking in water prior to testing.
Ten replicate units of each of the above samples
were tested. In addition, some samples were chewed to
determine changes in characteristics during this
operation. Only five replicate units of the chewed
samples were tested.
To test the effect of chewing, one stick of Dentyne
at a time was chewed for 10, 15, and 20 chews by one
indlvidualprior to testing. A panel of five people
each chewed one stick of Dentyne for periods of 1, 5,
10, 20, and 30 minutes prior to testing. The process
was repeated for Beeman's Pepsin gum. The process was
also repeated for Chlclets with the one exception that
two Qhlclets were chewed at once rather than the one
used in the other studies. After chewing, the gum was
formed into a wad for testing.
Table no. XX presents pertinent measurements of the
force-penetration diagrams obtained tor the products
tested.
The gum base data show no significant differences
in elasticity between codes 2589 and codes 293~. No.
2931 was significantly h~rder and slightly tougher than
No. 2589. Further, No. 2931 has significantly more
crispness than No. 2589. The to~er product was a 75%
synthetic product and the latter was 65% synthetic.
The data on packaged gum indicate significant
elasticity differences in Dentyne and Chiclets (with
candy coat) between the new and old packs, a result that
may be ascribable either to batch differences or to age.
TABLE NO. XX
No significant difference in hardness existed for
any of the products between the fresh and the older
packs. Similar results hold for the'toughness character-
istic with the single exception that Chiclets (with
candy coat) showed a toughness decrease between fresh
and old samples.
All of the products except Beeman's showed significant
differences in the crispness characteristic between the
fresh and the old pack.
fue data on the chewed product show a slight rise
in plasticity up to five minutes' chewing time and no
further change from 10 to 30 minutes t chewing. Dentyne
showed a significant rise in plasticity up to five minutes
followed by a drop to 20 minutes and then a rise. Beeman's
showed a plasticity rise to 10 minutes' chewing t1me~
followed by a drop.
Chiclets showed only minor variations in hardness
with ch~wing time. Beeman's Showed a rise to 10 minutes
followed by a drop to 20 minutes and then' a rise at
30 minutes' chewing. ~ntyne showed a striking drop
in hardness up to one minute's chewing~ followed by a
gradual rise to 30 minutes.
The differences in crispness factor of Chiclets from
one to 30 minutes chewing are insignificant. However,
Dentyne showed a significant drop to one minute and then
a gradual rise from one to five minutes' Chewing, :followed
by a drop to 20 minutes and a subsequent rise at 30 minutes.
The apparent variations of these results may be the
result of differences between chewing habits of the
individuals acting as the informal panel who were rotated
between panels. The variations may also be ascribable
to the fact that only five units were tested for each
sample when at least ten are usually tested in other
studies. However, if the trends in the data are
examined, many significant features become apparent:
the relative stability of the physical characteristic~
of Chiclets, the increasing values of Dentyne, and the
consecutive rise, fall, and re-rise of the values for
Beeman's during the progressive stages of chewing.
The experiments described were in the nature of
a preliminary survey. Further interpretation of the
data obtained in tnis experiment would require exam-
ination of other objective and subjective data obtained
on similar chewing gum products. The results obtained
seem to be, in general, in reasonable agreement with
the trend of subjective results and point the way to
further more complete and more conclusive tests.
Such tests can suggest highly useful methods for
objective measurement of physical properties of Chewing
gum by the :Denture Tenderometer.
STUDIES ON CANNED PEAS AND CANNED WHOLE- KERNEL CORN:
Described above have been the experiments utilizing
the Strain Gage ~nture Tenderometer and the Strain
Gage Pea Tenderometer to determine the uniformity of
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maturity of raw peas. The fact that processing tends
to even out differences between the units of a raw
sample has also been pointed out. The canning industry
is, of course, more interested in final product uniformity
than in raw product since this 1s the material consumed
by the bill-paying family. The uniform! ty of raw
product determines the quality of the final product,
but the question of final product uniformity has not
been attacked with significant results.
The suggestion was made to utilize the Strain
Gage Pea Tenderometer to determine the distribution of
maturities of canned peas and canned whole kernel corn.
Attempts to perform these tests, however, were not
successful because of the low sensitivity of this
instrument which has been adjusted for raw peas.
Major changes consisting of changing gate settings and
tooth spacing decreases would be required to suff-
iciently increase the sensitivity.
Four products, two of canned peas and two of canned
whole kernel corn, each packed at different stages of
maturity, were tested in the Strain Gage Denture Tender-
ometer to determine differences in physical properties
between the very jUung and very mature raw product as
canned. The instrument settings: condylar adjustment
setting, L = R = OJ lateral adjustment setting, 1[, : R = OJ
1105 v., birdge; vertical deflection amplification maximum.
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The technique described above ~or determining the
distribution o~ physical properties o~ 'raw peas was
used to determine the distributions o~ the canned peas
and canned corn.
The ~our products tested were supplied by the
Green Giant Co., Le Seuer, Minnesota, and included
Green Giant Peas (very young) Trailer Peas (mature;)
Niblets Whole Kernel Corn (young;) and Trellis Corn
(mature.) The ~orce-penetration ~igure was used In order
to normaliae the maximum vertical deflections and total
areas for differences in sizes between the young and
the mature products of peas and corn.
Samples of fifty units were tested and average
values with standard deviations (dispersions) and
95% errors, and distributions were determined for the
indices of two characteristics: that which has hard-
ness at the upper end and softness at the lower; and
that which has toughness at the upper and tenderness
at the lower.
The results of the average values is shown in Table
no. XXI indicate that significant differences exist
between both the young and mature peas and the young
and mature corn in both the hardness-softness character-
istic and the toughness-tenderness characteristic with
the young product being softer and more tender in both
cases.
2~C
TABLE NO. XXI
Avera~e Hardness-Softness and Toughness-Tenderness Values
or Fi t Units or Canned Peas and Canned Whole Kernel Corn
9 % Error.
Peas Hardness-Softness Toughness-Tenderness
Green Giant: std. dev.: 1.76+0.88 mm.. 4.87+2.4795% error: 1.76.,.0.25 4.87+0.70
Trailer std. dev. :- 3.03+1.33 7.03j:3.2195% error: 3.03iO.38 7.03+0.91
Whole Kernel Corn
Niblets std. dev.: 6.6412•16 7.9213.00
95% error: 6.641°.62 7.92+0.85
Trellis std. dev.: 10.7212.58 11.63f3.65
95% error: 10.72+0.73 11.63+10°4
The.distribution data indicated in Table no. XXII
show that the young products have high peaks in the
soft-tender region and long tails in the hard-tough
region while the mature products have lower and
flatter peaks more towards mid-scale and have a
more even distribution throughout the scale,',lndicating
that the younger product is more uniform in physical
character1stics.
In the distribution tables, the index range 9.9-11.1
is equivalent to Canco Tenderometer range 110-~25which
gives a concept of the relationship of the indices to
a standard instrument.
The implications of the Strain Gage 'Denture Tender-
ometer as a means of evaluating maturity distributions
of canned products thus have been presented.
MISCELLANEOUS STUDIES:
The above sections have described studies which
have taken considerable time and effort to perform and
calculate and which have shown significant results in
themselves in addition to lending themselves to the
overall development of Denture Tenderometer techniques.
There have alao been several less elaborate studies
which have often shown considerably less significance
than have some others. There is no question that the
absolute success of these studies would have been
achieved if they were better planned and more carefully
TABLE NO. XXII
Distribution or Hardness-Sortness and Toughness-Tenderness
Characteristics in Firty Units or Canned Peas and Canned
Whole Kernel Corn.
Peas Hardness-Softness Toughness-Tenderness
Index Range Number of'Peas Index Range Number o-rPeas
Green Trailer Green Trailer
Giant Giant
o -O.5mm 2 0 0.8-2.0 6 2006-1.1 10 1 2.1-3.3 11
~102-1.7 I), 8 3.4-4.6 71.8-203 19 10 ~.7-509 12 72.4....21)9 2 8 .0-7.2 4 8300-3.5 1 6 763-8.5 ';6 8
3.6-4.1 1 .5 8.6"'908 2 64.2,,4.7 1 4 9.9-11.1 11 14.8..,5.3 1 6 11.2-12.4 1 5504...5 9 0 2 12.4-13.6 0 3
Corn Index Range Nlblets Trellis Index Range Nib1ets Trellis
1.8-3.3 2 0 2.1...~ 0 5 1
304...~ 9 9 0 ~.1- .0 9 35.0- .5 16 3 .1-8.0 14 36.6-801 11 5 8.1-10.0 11 98.2-907 9 10 10.1...12.0 8 139.8...11.3 2 11 12.1-1~.0 2 8Ilo4M12.9 0 10 14.1-1 00 1 6
1300-14.5 1 6 16.1-18.0 0 51~o6-16Dl 0 4 18.1-20.0 0 11 .2-17.7 0 1 20.1-22'0 0 1
per~ormed. However, they were generally carried out
prior to the development of the advanced techniqueso
The results o~ some or these studies are presented here
as a matter o~ historical interest.
ICE CREAM STUDIES:
Stimulated by a letter ~rom a pectin manuracturer
querying the possibility of using the Denture Tender-
ometer to measure the physical properties of ice cream.
as a1tered by differences of stabilizer conten.t, pre-
liminary tests were conducted to determine the possibility
of using the Denture Tenderometer for this purpose.
The ice cream was tested at a storage temperature ot
OOF., and at an eating temperature of l8°F.
Ice cream samples were obtained from H. P. Hood
Co., Charlestown, Mas& The products were Hood Vanilla
wi~~ a butterfat content of 11.60% Brae Burn Chocolate,
10.0%; Brae Burn StraWberry, less than 10.0%; and Brae
Burn Vanilla, 10.1%. (Brae Burn .is a Hood second brand.),...
The samples were provided in the form of one pint
blocks stored at OOF., and cut into sample cubes about
3/4 inch on a side. The sample cubes were then brought
to their testing temperature in 24 hI'S. at that temp-
erature in paper weighing cups in 8luminum sardine ~an8
sealed 'with aluminum foil ••
The Denture Tenderometer' was precooled prior to this
usage. Instrument settings for this series of tests;
condylar adjustment setting, L = + 5, R = OJ lateral
adjustment setting, L = R = 0; 8.7 volt bridge; vertical
deflection amplification, maximum. The force-penetration
technique was used in order to normalize for size
variations. The data from sixteen replicate samples
were averaged to give the results shown in Table no.
XXIII. The data are presented with 9.5% eonf'.iQence11mi ts.
Of, course, the product at higher temperature i8
softer and more tender than that at the lower temperature.
Both the hardness-softness and toughness-tenderness
charaoteristic indices show some trends for the flavors
at both temperatures indicating that the Strain Gage
Denture Tenderometer may well show variation in physioal
properties. There was little correlation between Denture
Tenderometer data and fat content due to 1) the use of
only approximations of fat content; and 2) fat is not
the only faotor affecting physical properties.
POTATO CHIPS:
A departmental student research project involving
the study of the packaging of potato chips attempted
the use of the Strain Gage Denture Tenderometer as a
means of measuring objectively the variations in physical
properties resulting from storage in the various pack-
aging materials. The product tested was produced on a
batch basis by members of the project and compared to
the commercial product. The package materials used
. l,; '. ' ; .
TABLE NO. XXIII
Masticatory Properties or Ice Cream at storage and Eating
Temperatures as Determined by Strain Gage Denture Tenderometer.
Test Temperature
OOF. 18°F.
Max. Vert. Total Max. Vert. Total
Product Dei'lection Area Dei'lection Area
Hood Vanilla 32.,9!1.4mm. 68.8+5.7 3.3.fOoAmm. 607+2.9
Brae Burn
Chocolate 30.0+3.8 55.1+701 1.3iO.3 2.0-lo0e5
Brae Burn
Strawberry 26.9+2.6 59.0+7.1 107+0.6 4.9+2 ..4
Brae Burn
Vanilla 31.5+2.2 75.81-7.4 5.9+103 14.0+3.6
included MSAT cellophane, alumdnum foil laminated with
polyethylene, and polyethylene. The chips were stored
in each of these films at 2SoCo, 300Co, and 37°0., and
tested after 0, 7, 15, and 21 days of storage.
The instrument settings were condylar adjustment
setting, L = + 10, R = 0; lateral adjustment setting~
L • R = 0; bridge voltage, 12 V.j vertical deflection
amp11ficat1on~ maximum. The whole chip was placed
horizontally between the opposing left first molars for
testing. Sixteen replications of force-penetration
figure data were averaged to obtain the data which
showed a trend to hardness with time, and other trends
towards a lack of crispness at higher temperatures
with time especially in the polyethylene films. The
commercial sample had a significantly greater crispness
than did the laboratory prepared products. The results,
however, were not definitive enough for presentation.
CHEESE-STORAGE STUDIES:
An unpublished thesis study involved an investigation
of the variations in masticatory properties of cheddar
Qheese caused by variations in storage temperature.
The product used was sharp cheddar oheese packaged in
000Saran and stored at.36 F., 68 F., and 86 F., and tested
after 0, 2, 5, 8, 11, 15, and 19 days storage. The
objective measurements were made on both interior and
surface portions of the cheese. The instrument settings
were: condylar adjustment setting, L = + 10, R = 0;
lateral adjustment setting, "L : R = 0; 9 v., bridge
voltage; and vertical deflection amplification maxlmumo
Ten replicate force-penetration figures were averaged to
obtain the necessary data. The results indicate a
softening of the cheese with time at the two higher
storage temperatures and less of a softening at the
refrigerated temperature. Again, the results are not
definitive enough for presentation.
OTHER PRODUCTS INVESTIGATED:
A number of other products were studied in a
preliminary manner without determining the instrument's
ability or inability to evaluate the product. These
foods included Necco Canada Mints, Army ration cereal
bars, seaweed extract gels, prunes, and thawed frozen
baked goods such as cup cakes.
The experiments presented in this section which
were performed in order to develop instrumental tech-
nlqu~s have revealed the potential of the instrument
to measure particular properties of many specific
foods. The versatility of the Denture Tenderometer
for measuring a number of previously un-measurable
properties in a wide variety of foods. is now self-evidento
CONCLUSIONS
ftIn-describing foods, the average person gives
emphasis to rather intangible properties such as
'tenderness,' 'chewiness,' 'crispness,' fbrittleness,'
and 'body,' Laboratory measurements of physically
definite properties corresponding to these can
ultimately be made by modern instruments~ but very little
has yet been done." This statement was made on 15 March
1956 by Dr. Paul M. Erlandson of Continental Can Co.,
at the Southwest Research Institute - I. F. T. First
Food Physics Symposium in San Antonio, .Texas.
The most signifi~ant conclusion which may be drawn
from this paper is that techniques have been developed
for the Strain Gage Denture Tenderometer which have
converted this apparatus into a fine instrument for the
objective measurementof some previously intangible and
unmeasurable subjective masticatory properties of foods.
Those Characteristics which have been definitively
measured are toughness, tenderness., hardness, softness,
elasticity, plasticity, crispness, and brittleness.
Two other properties have also been objectively measured,
but not conclusively: crumbliness and cohesiveness.
The importance of being able to measure properties
on which consumers base this acceptance but which were
not even adequately defined previously 1s great; the
food manufacturer using this tool can now control these
qualities in process and can build desirable properties
into both his present and future products.
Previous teChniques for physical quality evaluation
have been unwieldy in the case of chemical tests and
some subjective tests, and unreliable, in the case of
other subjective tests. Further, little work had been
done to correlate results with specific definitions.
Physical and mechanical methods had been and still are
inadequate by virtue of their single simple puncturing,
shearing, crushing, or cutting motion and limitations
of the unit itself due to the incorporation of a
mechanical sensing element. Human mastication during
which these properties are evaluated involyes a complex
simultaneous crushing and bilateral shearing motion
aided by exposure of fresh surfaces and salivation, and
sensed by a variety of oral nerve endings which detect
and transmit force as a function of jaw opening.
Some work had been previously done to simulate the
~uman operation and use it for objective measurement,
but not until the advent of the bonded wire resistance
type strain: gage and its associated electronic equipment
could this action be approached as closely as it has
ueen in the strajn Gage Denture Tenderometer. This type
of strain gage is extremely sensitive and tmposes
virtually no limitations on the mechanical design of an
apparatus on which strain Is to be measured.
It is recognized that the instrument Is not perfect
in that it does not exactly duplicate the human masticatory
process, in that the upper denture moves with respect
to the lower, there is no provision for repositioning
or salivation, the forces are not continuously adjustable,
the motions are not smooth, and there 1s no provision
for the measurement of exceptionally hard or exceptionally
sort foods. Further. the mechanical design of the
equipment imposes a slight non-linearity of response
normally and rurthep a definite non-linearity when very large
forces are measured.
In contemplating redesign of the unit for more
practical operation, one must eliminate those teeth which
are not used and one must ascertain the necessity of
even using dental surface. If dental surfaces are
round to be needed, then investigations must be performed
to determinewhether the natural anatomical or the
scientifically-sound mechanical sur£ace 1s more
desirable. Further provisions must be included 1n the
unit for more positive locking action of components
so that measurements need not be made to determine
if the alignment is correct. The safety aspects of the
apparatus requires redesign to suppress the non-linearity
at high amplitudes.
The use of a DC preamplifier is satisfactory for
most purposes, but in some instances, greater amplification
is required which requires stagin~ a relatively difficult
task with DC. -The use of a more conventional AC with
detector would add stability in addition to allowing for
additional amplifioation stages. It must always be borne
in mind that the use of strain gages requires the association
of relatively expensive electronicr:equipment.
The output transduoer is a relatively expensive
cathode ray oscilloscope which could be replaced by a
less-refined unit without losing sensitivity. The use
of a recorder is not recommended since one of the
desirable features of the force-penetration figure
is the reverse or bite-up motion which oannot be satis-
factorily depicted on a strip chart. However, in
future instruments, the eRO may be replaced by meters
or digital printers which indicate or record specific
magnitudes of any or all of these properties, a change
which would eliminate the tedious measurements of
the oscilloscope photographs.
The development of Denture Tenderometer technique
required an investigation of the masticatory force and
motion of the unit to determine just how the articulatorts
universality of settings could best serve the experimenter.
The results of this study indicated the relationship of
instrument settings to its various motions, and the
relationship of the motions to the resultant forces
obtained from a test object, allowing the researcher
to tabulate the optimal instrument settings for each
specific application. One highly significant -result of
this study was the disclosure that instrument reaction
force as a function of tooth was virtually identical
to the human function, indicating that dental surfaces
may indeed be necessary for adequate measurements.
However, further investigations are required to conclusively
prove this point. A second highly significant result
of this study was the linearity of instrument output
with and without lateral shearing motion, indicating a
distinct possibility that the complex motions need not
be duplicated in future units. However, again, no
conclusive proof was obtained, and a procedure for
ascertaining this fact was outlined above.
The reallzatlon that the human brain interprets
a transmission of force as a function of jaw opening
as a masticatory property led to the investigation of
instrument reaction force as a function of denture
spacing which finally resulted in the force-penetration
figure. Prior to this, force had been investigated
effectively only as an absolute magn~tude, without even
relating it to force units. During this period,
investigations were also made to determine the instru-
ment's ability to interpret bites subsequent to the first
by the use of manual repositioning and simulated salivation.
The results were intriguing but not sufficiently overwhelming
to divert attention away from the very promising force-
penetrati.on figure •
.A long series of studies was undertaken to validate
the instrument and to develop its techniques to the fine
point described above. This was the sole object of these
investigations and any other results obtained merely point
up the instrument's capabilities.
The force-time technique was used to correlate the
Denture Tenderometer to the instrument most widely used
in industry for physical property measurement, the
American Can Tenderometer for peas. The Denture Tender-
ometer pointed out the Canco Tenderometer's inability to
give distribution or to account for size, and accordingly,
a newer semi-automatic Strain Gage Pea Tenderometer
was designed to correct this defect. This 1atter instru-
ment was validated by comparison of its results to the
Denture Tenderometer. In addition, the Denture Tenderometer
was shown to be cap.ab1e of measuring distributions of
quality in the final product, the object of much study in
previous times.
However, while the Canco Tenderometer is accepted,
it 1s not the ultimate in standards, that being the
human. using Piaum aavitum ~., the green pea, the
strain gage instrument reaction forces were correlated
to the human reaction forces to mastication, thus
validating data obtained from the Canco and Pea
Tenderometer. During the course of these studies, the
inadequacies of the Denture Tenderometer to measure any
but the reaction forces became apparent and the appli-
cation of the force-penetration diagram was accelerated
following the correlation of the instrument to a sub-
jective panel.
The modification of the instrument to measure the
rheological properties of flour doughs gave results
sufficiently promising to warrant design of an instru-
ment, based on the fundamental principles of the Denture
tenderometer, but designed specifically for the measure-
ment of flour dough properties. Here again, the force-
spacing concept was applied in the final measurement.
A study on the effects of storage conditions on
the reaction forces of frozen shrimp was begun during
the early stages of instrument use and continued for
well over a year. This study constituted the first
outstandingly signific&lt use of the instrument, the
investigation of storage changes of a product. The
,force-time studies on shrimp revealed a toughening in
storage which had been previously recognized by
investigators using subjective techniques.
9C~'~~~y~
The study of the properties of test biscuits marked
the first full-scale use of the farce-penetration figure
and immediately showed the size difference compensation
.ability of this technique. The investigation pointed
up the use of the instrument in studying the effects
of formulations on the final product, and further
revealed the inadequacies of so-called standard laboratory
instruments and disorganized subjective panels. Since
no stand~Id existed, the accuracy of'the Denture Tender-
ometer for this specific purpose could not be ascertained
without extensive studies.
~e potential of ionizing radiations in aiding
preservation has been known for some time, but the
effect of these same radiations on the physical properties
of food products has not been thoroughly studied. A
short-term study was undertaken to investigate the
effects of the irradiation ~ flour on the final
baked bread, using the force-penetration figure.
During the course of this study, the rheological
properties of the dough were also studied using the ancient
and as-yet unproved, but accepted, Brabend'er' Farinograph.
Not using the so-called standard techniques, but apply-
ing basic scientific principles of holding everything
constant and allowing the only variable to be the
radiation dosage, significant differences were found
in the mixing properties of irradiated and unirradiated
flours as determined by the Farinograph. These same
differences carried over into the final baked bread.
The results indicated a breakdown of gluten integrity
by the action of the ionizing radiations, and a con-
sequent softening of the bread. It was recognized that
the study was short-term and that other paralle~ studies
would have to be performed to confirm these results, but
their remarkable feature was their complete agreement
with far more elaborate contemporary investigations.
With respect to the Denture Tenderometer, these
results revealed the instrumentts capabilites in two
fields: the study of the effect of processing conditions
on final product, and the measurement of physical
properties of baked gcods. The latter ability was
further pointed up in another short-term storage study
or soft cakes during which the cakes weref'stored only
sufficiently long to become crumbly and soft, a result
graphically demonstrated by the Denture Tenderometer
The realms of baked goods and confectionery products
proba~ly include several tens of thousands of different
commercial items. In the confectionery industry, the
products manufactured by one company may range allover
the physical scale and would require literally dozens of
measuring instruments, if such units existed. Confectionery
industry products were studied to determine if a single
instrument, the Strain Gage Denture Tenderometer, could
replace the multitude or hypotheticl instruments in
measuring almost an inrinite variety or ranges or
properties. The force-penetration technique was
used, and for the rirst time, properties revealed by
measurements other than reaction rorces were shown
to be present in the products and Changing between
brand, batches, times, and consumption conditions.
This last was the study which rollowed the properties
of chewing gum as it was chewed, a study which had been
made previously only by subjective means. The versatility
of the Denture Tenderometer asserted itselr as it showed
itselr capable of accurate measurements of confectionery
products ranging from gelatin to the hard candies.
Returning now to the force-penetration figure as a
tool and the interpretation of its reatures, the.figure
was studied from a physical viewpoint using past experience
as the criterion and the possible quantitative measures were
postulated. The force-penetration figures of a wide variety
of foods were obtained and measurements made thereof.
Attempts were made to correlate to both this investigatorts
past experience and to a large random panel met with
little success because of the lack of proper firm
definitions and samples. Accordingly, the use of a direct
panel technique was planned out and set up. It is believed
that this panel technique is the first of its kind to be
established, that is, a panel solely for the subjective
evaluation of the masticatory properties of foods. It
has revealed itself to be an accurate, precise, and
exceptionally powerful instrument for research purposes,
but it is accepted that the panel as it stands, is too
unwieldy for day-to-day control work. One of the panel's
concepts was recently confirmed by other investigators
who statistically validated the bipolar toughness-
tenderness continuum selected by the panelists.
(Raffensperger, peryam, and Wood, 1956.)
The panel technique is an open panel, organized and
controlled by the panelists themselves who have trained
themselves, who set their own standards, schedules,
and definitions by means of open inter-change and
discussion of ideas and concepts. Scoring is also
done by this open technique using the Arthur D. E;ittle
profile method of several parts of the whole. There
are several different distinct masticatory properties
of any food and there is an overall impression, each
of which are separately scored individually and
discussed prior to the almost always unanimous agreement
of the panelsits to a panel score for each of the
properties. These properties have been carefully selected
and defined by the panelists, and the panel results were
used as the Strain Gage Denture Tenderometer force-penetration
figure standards.
Two basic products were used to obtain as full a
range o~ these properties as could be had in similar
products, apples of a number of varieties and maturities,
and cheeses o~ a number o~ varieties. Very high degrees
o~ correlation were found for equivalent measurements
on the force-penetration figures When compared to the
subjective panel interpretations of the speci~ic properties
defined above.
A set o~ relatively high coe~ficients of correlation
were found when this trained panel scored these same
properties in the same wide variety of foods whose
investigation had been previously attempted by untrained
panelists.
Thus, in three separate and independent tests,
quantitative measurements taken from force-penetration
figures have correlated with subjective interpretation
of speci~ic masticatory properties of foods.
There remain a number of other terms to be defined:
e.g., chewinessj and the question of whether such terms
describe force quantities remains unanswered until the
interpretations are firmed. There are also a variety of
measurements from the force-penetration ~igure whiCh
perhaps have some physical significance but have little
masticatory signi~icance •• hile such properties would
have no direct effect on consumer acceptance, they might
have great effect on processing, storage, and packaging
con s1dera t ions.
The force-penetration figure, especially that
portion of it which is the bite-down and bite-up of
sample, can be analyzed mathematically and physically
to obtain the relationships of the various quantities
to basic rheological properties such as the shearing
and compressive moduli and coefficient of viscosity.
Using these physical magnitudes, the stresses and con-
sequent strains which lead to the subjective sensation
may be analyzed to determine the cellular sources of
these properties and thus enable a more fundamental
approach to the control and construotion of these
properties in foods.
The possible uses of the Denture Tenderometer as
a research and quality control tool have been outlined
above. It must be again pointed out that each prQduct
presents its own peculiar problems of sampling and
instrumental technique which must be fully solved
before any significance may be ascribed to results.
Future investigations on the instrument have been
outlined above: the refinement of the mechanics and
electronics for more fool-proof, versatile, and aut-
omatic operation; the more careful investigation of the
masticatory forces and motion to indicate which are
absolutelyessential to the end result; the elaborate
study of each food by interested industry personnel; and
the further study of foods as a general category to
determine the full range of properties possessed by foods
which can be detected by the human masticatory apparatus.
In summary, the Strain Gage Denture Tenderometer
has been developed into an instrument for the measurement
of the masticatory properties of foods. Its results have
been correlated to conventional panels, to general sub-
jective interpretations, to a powerful new type of open
panel, and to a number of so-called standard instruments.
It has established an almost unparalleled versatility of
being able to measure a large number of properties in an
almost infinite variety of foods. Its potential in the
field of objective measurements is virtually unlimited.
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